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Abstract

Bacteriophages are the most populous organism on the planet and have huge
potential as tools of research in micro- and synthetic biology. They have also more
recently gained attention as powerful antimicrobial agents. Our understanding
of the underlying processes by which phage infection occurs is in many areas still
incomplete. By inspecting the biophysical effect of phage infection on bacteria
it may be possible to shed light on some of the mechanisms that still elude us,
and point towards areas of further research beneficial to a wide variety of phage
scientist. I demonstrate in this thesis that Escherichia coli cells infected by T7
phage exhibit a drop of 5-10% cell volume at the point of infection. If developed
further, this volume loss has the potential to be a truly label-free marker of
phage infection of a single bacterial cell. This result accords with a mathematical
model that predicts loss of volume and solutes by opening of a pore around
the phage infection site. The process appears to be stochastic and dependent
on the temperature history of the cells, with 36% of unperturbed cells showing
measurable losses in volume compared to 58% of cells that have spent a short time
at room temperature. Additionally, I present a mathematical model of a single
E. coli cell during T4 phage infection wherein the transcription and replication of
phage DNA is explicitly dependent on the expression of proteins controlling the

processes temporally.



Lay Summary

Bacteriophages (a mix of 'bacteria’ and gayelv, phagein, - meaning 'to devour’)
are the most populous organisms on Earth, numbering at approximately 103!
organisms in just the oceans alone. While they have been known about and
used in molecular biology experiments for about a century, they have recently
come into the public eye as potent therapeutic agents. The rise of anti-microbial
resistance among infectious diseases has been listed as an extreme health concern
by the World Health Organisation, and bacteriophages (or 'phages’ for short)
represent an opportunity to overcome it. Despite a century of study as viruses
of microbes and this recent push into therapeutic applications the fundamental
physical process underpinning phage infection are not well understood. It is
known, for example, that the phage must ensure its DNA is completely and
safely inside a potential bacterial host, however the exact mechanism by which

this occurs differs by phage strain and has no unified physical understanding.

In this work I present a measurement of host (in this case E. coli) volume over
time as the cells are infected by phage T7. The bacteria appear to lose between
5% and 10% of their volume on infection much in the same way that a bike tire
might lose some of its volume when introduced to a nail. However, unlike the
tire the cells will then recover this lost volume before dying. The mechanism
of recovery appears to be osmotic in nature, wherein the cell loses some of the
internal molecules that encourage an inflating flow of water into the cell and
gradually accumulates more. Imagine an inflatable skydancer. If one were to
bring a sharp implement to him he may sag slightly before the ensuing hole is
taped over. Thus the cell too loses volume before the hole is repaired and the

normal pumping systems can bring it up to it’s original volume.

The measurements of F. coli volume span two data sets. One gathered in cells
that had a roughly half-hour stint at room temperature and one in cells that

were held at 37°C (optimal growth temperature) for the entire duration of the
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experiment. In the room temperature cells it was seen that they would exhibit
the loss of volume (termed ’dip’) about 1.6 times more than the happy 37°C
cells, and that those dips had approximately twice the duration. The current
hypothesis for this is that the E. coli membrane starts to become a gel at room
temperature, and so is less able to move around. In this way the membrane’s
ability to passively heal around the infection site is impeded, and the volume
dip should be longer. This work is supported by a mathematical model of cell
pressure and solute content that predicts the variation in dip length as a function

of the time the hole is open for.
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Experiment tollowed the Darwinian model, and thus that the idea

of natural selection provides a better fit for bacterial evolution in

hostile environments, rather than the direct response postulated
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structure of the tail is visible, formed by gpl8, and the long tail
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pressure that brings the net tlux of water across the membrane to




.9

A cartoon showing £. coli osmotic regulation during hyperosmotic

shock. Above are equations for the osmotic pressure II and the

change in volume that is due to a balance between the osmotic

pressure drawing water in and the resulting hydrostatic pressure

inflating the cell. Solute channels are those that import or export

solutes and water channels allow the passage of water either
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Cartoon comparison of the Tunnel Slide (left) and Flow Cell
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using tissue and the slide is sealed prior to imaging. The Flow
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with respect to each other to best show the chamber and liquid
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[3.1  Cartoon cross-section of a Flow Cell during the cell-sizing measure-

ment. Shown are the £. colv cells and 0.7 ym beads adhered to a

thin layer of poly-L-lysine, over which fresh media containing phage

is flowed. The 855 nm laser (bottom to top) is focused on a single

focal-plane interferometric feedback loop (discussed in Section 3.3).
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Inlet is connected to a syringe pump and the outlet is connected

| to a waste Falcon tube. Cartoon is not to scalel . . . . . . . . ..

[3.2  Schematic of the pixel counting method. On the left is a typical
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| red ROIT. The green ROI2 contains background pixels to be

| subtracted from ROI1, it should be large enough to get a good

| average but small enough to reduce sensitivity to passing cells and

| to keep it away from the cell of interest. T'he yellow grid represents

[3.3  Snapshot of edge-finding analysis of a single cell. The parent image

has been interpolated by a factor ot 2 to increase the number of

pixels along the long axis ot the cell, thus decreasing sensitivity to

small noise fluctuations along that axis. The algorithm uses two

instances of the Canny Edge Detection method, the first generating

the threshold for the second which generates the actual binary

image. It then passes a set of structuring elements over the binary

image before dilating it, filling it, and removing excess noise around

the edges using an erosion tunction. This algorithm slightly reduces

noise compared to pixel-counting (approx 20% reduction) and is

more robust to other cells intruding on the ROI, however is not

| capable of addressing closely packed cells|. . . . . . ... ... ..
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[3.4 Cartoon showing U-Net architecture. Each blue box is a multi-

channel feature map - in the first instance the image to be analysed.

Subsequent feature maps (or activation maps) are images that

have been produced by the convolutional operations, showing

the ‘activation’ of the image - higher activation occurring in

regions where a feature has been identified. The net consists of

a contracting path (left) and an expanding path (right). In the

contracting path repeated convolutions and subsequent feature

pooling downsamples the input images to gain highly efficient

classification information. In the expanding path the images

are upscaled and compared with images from the equivalent

contracting step to retrieve detailed spacial information for the

acquired class information. Image taken from [I11].| . . . . . . ..
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B5

(a-c) images taken from the training data set for DeLTA2. (a) is

the raw image, (b) is the ground-truth segmentation map produced

in Cellpose, and (c) is the weightmap which informs DeLL.TA2 about

the small gaps between packed cells. (d) the result of running

DellLTA2 on a video, the different colours correspond to different

instances of cells segmented by the network.| . . . . . . ... . ..

[3.6

Comparison of the edge-finding method and DelLTA2 in capability

to measure cells in crowded environments. The edge finding

method in (a) tended to segment more accurately but could not

distinguish multiple and had problems with cell-cell joins. DelL.TA2

in (b) was able to accurately find individual cells but would

underestimate their size and shape. Since the feature of interest

was a relative change in size this underestimation was not a large

problem, however this contributed to high segmentation error to

| the final datal . . . . . . .. ... o

[3.7

Cartoon showing the result of a bead moving to one side in an

optical trap. On the left is an image of the reciprocal of the

objective, and the right the reciprocal of the condenser. At g =0

the bead is in the center of the trap and the interference pattern

1s symmetrical, the two images are identical. If the bead moves

then there is also a movement in the distribution of light in the

reciprocal of the condenser. Image taken from [33]] . . . . .. ..

[3.8

Schematic diagram of the entire microscope. The Trap Source and

Position Sensing portions are those [ was directly responsible for

adding, and I have modified the bright-field for Kohler illumination

with the new high NA condenser. The Fluorescence and Imaging

portions were in place prior to my arrival. Yellow lines represent

the bright-field path, blue lines the fluorescence path, and red lines

the 848nm trapping laser used for interferometry. The dashed

red line is the He-Ne laser used tor a Nikon Perfect Focus system

previously stabilising the stage in Z only. The solid black and

dashed circles represent conjugate planes, where solid circles are

convergences and dashed circles are image planes. The dotted lines

on the 848 beam path hide a beam height-correcting 7 walk.| . . .
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[3-9

Schematic of plan to implement trap laser. L1 and L2 are separated

by the sum of their focal lengths, forming the Keplarian telescope

portion. L1 is capable of translating in the plane orthogonal to

Path A. D1 and D2 are dichroics allowing the insertion of the laser

path into the system without disrupting existing paths.| . . . . . .
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[3.10 Optical paths above (a) and below (b) the objective. (a) light

from the 848 nm laser is collected by L3 and L4 such that the BFP

is imaged onto the PSD. This allows the stage to be stabilised

in XYZ. (b) L1 and L2 form the Keplarian telescope, L1 is on a

translation stage that allows movement of the trap in the sample

plane. The He-Ne laser (beige, dashed) is reflected off the bottom

of the slide and into a PSD allowing stabilisation in Z only. The

848nm and He-Ne lasers do not operate at the same time.|
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B.11

Cartoon showing the replication of angle change in a beam path

at a location further down that path in a two-lens system. (a)

rotations at a are replicated at c in this system of lenses. (b)

the same replication can be obtained by moving lens 1 rather than

rotating the incoming beam. (b) is experimentally more favourable

as a lens in a translation stage is simple to operate and requires

fewer components and bench space than if a mirror was used.|
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i1

The active response of cells to hypo-osmotic shock. (A) The black

line is the average volume vs time for 36 wild-type strains exposed

to osmotic downshock. (B, left) A representative volume trace

from a single cell (black), with a fit (blue) produced by Equation

4.19. (Right) The fit performed with the active component in

Equation 4.20 included. Image taken from [14]] . . ... ... ..

n2

The model predicts that as a hole opens in the membrane the (a)

volume and (b) ¢; values will drop sharply before recovering. The

shaded area marks the bounds ot the dip magnitude criteria applied

(> 5%, < 10%, as in Section 3.2.4) in my analysis. The amount

of both solute and volume lost is proportional to the duration of

the open hole. The concentration of intracellular solute ¢; does

not drop much at all (< 1%) which mirrors some experimental

data which demonstrates a lack of decrease in ionic ¢; during T7

infection, however as the adaptations do not take into account

specific phage type this is likely a coincidence. Experiments

monitoring the size of a bacterium should see a decrease in the

| ol 1 T T o Tor Tl Tad 7 l

5%, i.e. dips of a lower magnitude were not counted. This model

predicts that holes may only cause measurable dips if they are open

for more than approximately 3 mins, and between 3 and 10 mins

the distribution of dip durations should be fairly wide.| . . . . . .
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i3

(a) the range of V,,;, for the hole durations seen in figure |4.2]

the black hashed line showing the cut-off for observable dips. The

[ intersection of the data curve and this line marks the minimum |

duration then for a hole to be open for the dip to be observable

by my analysis. (b) the lengths of the dips that have minimum

volumes V,,;, for the dips shown in figure 4.2 the black hashed

line again showing the minimum volume for observable dips. The

intersection of the data curve and this line is thus the hypothetical

shortest dip that would be resolvable by my analysis. While the

numbers involved are likely inaccurate (I do not see many dips

stretching beyond the 8 minute mark, but this suggests anything

below 10 should be invisible), the proportionality between dip

length and dip magnitude may be equivalent to reality. Given the

disparity between measurement and prediction it seems sensible to

conclude there may be a faster or functionally different recovery of

volume and fitting to experimental data may improve this| . . . .

30

53

Graphical Representation of Table [5.1 with the addition of a

comparison between the lysis times (i.e. infected-cell lifetime)

between the two data sets. There is a large difference between

the two dip probabilities, and a much lesser difference between

lysis times. Overall the Cold Shock set grew slightly slower, so one

may expect the cells to take slightly longer to lyse. Due to the

closeness of the lysis times between the two sets it is not obvious

that this difference should be the sole cause of the disparity in dip

probability, but it may be a factor as discussed in Section 5.2.2.|

84

B2

Representitive traces from (a) set Cold Shock, (b) set No Shock,

and (c) the control set. Raw data points are in blue, while the red

[ine signifies a rolling average taken over four data points. Here the

Y-axis shows degree of change in area rather than raw pixel count,

this was a choice to improve readability in the graph, it does not

scale the trace in Y. Highlighted in (a) and (b) are the area dips,

and one can see the growth of the cells in the phage sets plateauing

some time after infection - this is particularly obvious in (b). Phage

traces that do not show dips are still highly likely to present these

growth plateaus. The control trace shows the typical growth -

division - growth cycle of an unperturbed bacterium following a

doubling time of approximately 35 min, slower than expected for

EKO03 growing at 37°C. In all traces there is a gap at 5 minutes

where imaging stopped to allow syringes to be swapped. Prior to

this gap there is no phage present in any condition. Additionally

the first 15 minutes of each trace had a higher time resolution, this

was to improve the chances ot seeing shorter dips as we believed

dips may occur more frequently within 10 minutes of phage addition.| 85
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53

The time-evolution of cell growth rate for the (a) No Shock set

and (b) Cold Shock set. The rates were calculated from a single

exponential fit to data points in windows of five minutes along each

cell area trace. The horizontal line marks the normal exponential

growth rate of EK03 F. coli cells in bulk. The cells that have been

lett at room temperature report lower-on-average growth rates at

the beginning of the intection. In both cases the growth rate tends

to zero as the cellular growth plateaus as a result of the intecting

phage. Negative growth rates are a combination of the consequence

of fitting noisy data and the volume dips which occurred on average

at (a) minute 13 and (b) minute 15, . . . . ... ... ... ...

B4

Noise added to the output of the model presented in Chapter 4.

The red and blue colours represent data and averaged data as in

the analysis above, and the yellow line is model output. The upper

black line represents Vy and the lower black line represents 0.95V}

which is the boundary a dip needs to cross to be measured. One

can see the red line crosses the Vj line before the yellow line reaches

it, which would artificially shorten the trace. However, this trace

does not show cell growth, which would act to significantly steepen

the recovery and reduce the degree of shortening.| . . . . . . . ..
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Experimental data gathered by Nicolo Tormena (University of

Durham /University of Edinburgh) showing membrane gel phase

fraction as a function of time. The temperature was 40°C at t =0

and subsequently lowered to 23°C at a rate of 1°C per second. The

phase was measured by AFM, which limited the rate of cooling due

to increased thermal noise. This experiment was performed on a

muscovite P1 supported lipid bilayer of 3:1 POPE-POPG (Avanti

Polar Lipids) diluted in chloroform. . . . . . ... ... ... ...
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6.1

Rough timeline of the transcriptive periods of T4 against the

periods of phage development. a) phases of phage development.

| It is less important that these are exactly correct, and are more of

an estimate based on the literature [41]. Latent period is defined

as the time between genome translocation (treated as the start of

the infection) and the beginning of the rise period. Rise period

is defined as the time over which an otherwise simultaneously

infected population of cells will lyse (i.e. one ‘step’ increase in

phage numbers - for a single cell this period is instantaneous).

‘ The Eclipse period is the time between genome translocation and

the maturation of the first phage particle. The Maturation period

1s defined thus as Latent minus Eclipse and is the time over which

a cohort of virus particles matures. b) the transcriptive periods in

a single cell. Early takes place over the first 1-3 min, middle (and

delayed early) from 3-8 min, and late from 8 min on-wards. No

middle or early genes are expressed after approximately 15 min.| .
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The relative abundance of mRNAs associated with Early (blue),

Middle (green), and Late (red) promoters during a T4 infection.

This data was obtained by Luke et al who performed bulk

microarray measurements of £. coli B. For the purposes of the

model I do not consider Delayed Early (grey) to be its own distinct

transcriptive period. Inset displays relative expression of each

separate gene, with blue as 0 and red as 1. Image taken from

e ..

6.3

Schematic cartoon of the foundational model by Thomas et al.

Nutrient 1s imported by transporters and catalysed into energy

by enzymes. Energy is then used in transcription and translation

processes. Each species is diluted at the growth rate in order to

retrieve steady state results. The DNA cycle allows the description

to be specifically single-cell by tracking mass as a function of cell

divisions which are dependent on the number of replication origins

(red dots) and forks (yellow dots) as in Donachie CITE. Image

taken from [I30]] . . . . . . ... ... ... ... ... .. ...
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Increase in cell mass of cells at different growth rates (doubling

time indicated at end of each line). The cells are assumed to grow

across one cell-cycle beginning with the end of a division event at

0 min. Because there is a fixed period of 60 min between initiation

and division it is possible to calculate the time at which initiation

occurs for a cell growing at a given rate. These initiation times are

marked as black circles on the horizontal lines. Figure taken from
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[6.5 Cartoon schematic of the phage-adapted model. The metabolism

that catalyses imported nutrients is maintained, but the transcrip-

tion and translation processes are altered from host to phage.

Transcription occurs in three distinct periods defined by the

expression of proteins that reconfigure host RNAP molecules to

have athnities for the different promoters as described in the Phage

Clockd . . . o
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Chapter 1

Background Theory

1.1 Historic Phage Study

The history of bacteriophages as both therapeutic agents and research tools is
quite unique and I would like to spend some time on it before introducing the
topic of my thesis proper. The first report of phage activity is often cited
to be by Frederick Twort in 1915[132]. However, he attributed their action
to an enzyme excreted by bacteria and named them the ‘bacteriolytic agent’
In 1917 they were independently discovered by Felix d’Herelle who correctly
identified them as ‘invisible microbes antagonistic toward dysentric bacilli” and
proceeded to immunize rabbits against Shiga dysenteriae and cure dysentery in a
human[I06]. D’Herelle recognised the potential for his bactériophage in medical
therapy and travelled the world setting up clinics for treatment of bacterial
infections. However, the work of D’Herelle and collaborators often failed to meet
accepted standards of scientific rigour at the time, leading to a fast decline in
support from the wider community. This, alongside the advent of penicillin, which
was far easier to use than phages, led to phage therapy falling out of favour in the
West. It would however continue in the East, which posed its own problem in that
it bestowed upon phage therapy a so-called ‘Soviet Taint’[I125]. The Cold War
pushed phage therapy away from western medicine as it was seen as a ‘communist
science’ and thus subject to the negative propaganda that accompanied the label
(not helped by the frankly pseudo-scientific Lysenkoism that was popular at the
time)[35][122]. As such, our understanding of phages and their capabilities in

medicine is rather limited compared to that of ex-Soviet countries - particularly



Georgia which hosts the Eliava Phage Therapy Institute in Tbilisi[I02].

However while their potential as therapeutic agents is only now being fully realised
in the West, phages have long enjoyed a place by the side of the micro- and
molecular biologist. Notably the American Phage Group (APG), formed by
Max Delbriick and Salvador Luria, were responsible for a number of foundational
experiments in the 1940s and 50s with phage. Shortly after forming the group,
the founding pair performed their well-known Fluctuation Experiment[79], later
dubbed the Luria-Delbriick Experiment. The aim of this was to provide an
answer to the argument prevalent at the time between Lamarckian and Darwinian
evolution theory. The former states that beneficial mutations should arise in
direct response to environmental hostility [I5], while the latter predicts that these
mutations arise randomly and subsequently the environmental conditions ‘select’
cells that have those mutations[3I] — i.e. bacteria not fortunate enough to have
mutated in a beneficial way will die off. The Darwinian theory thus implies a
greater variation in the size of resistant bacteria populations after phages (the
environmental hostility) have been added since resistance is inherited leading
to either small populations (the resistance is recent) or large populations (the
resistance is old) as can be seen in figure [L.1]

This experiment marks the first major result for phages as a tool for biological
research[I13]. Further experiments from the Phage Group - notably the Hershey-
Chase experiment - took phage research further and helped spur the creation of
the field of molecular biology (indeed, Delbriick is often cited as one of the field’s
founders). Prior to Hershey-Chase, it was assumed that the genetic information
of cells was carried by proteins and DNA was simply a repeating sequence of
nucleotides that served some other function [34]. In their work, Hershey and
Chase used radioactive phosphorous-32 to label the DNA of the T2 bacteriophage
- since phosphorous is found in DNA - and sulfur-35 to label the protein shell.
They showed that during infection the sulfur-labelled phage proteins remained on
the outside while the phosphorous-labelled DNA was injected into the bacteria.
Therefore, the previous assumption of protein-carried information was incorrect,
and it must be DNA that instead contains genetic information. They also
concluded there must be some mechanism by which the DNA is injected into the

cell, the exact mechanics of which remains poorly understood even today [46].

Recently (within the writing period) there has been a shift in the taxonomic
description of many phage species. Of particular interest is the abolition of the

order Caudovirales and its families myoviridae, podoviridae, and siphoviridae. As



Darwinian theory Lamarckian theory
generation

0
1 |Time
2
3
Add T1
/N 4 <
Phage

SN
VANIVAN

/\

Figure 1.1 A cartoon showing the expected results of the Luria-Delbriick
experiment given the two evolutionary models. Resistant mutants
are shown in green. In the Darwinian model it assumed that
resistance does not only form when the bacteria are exposed to phage,
rather any bacterial population has a chance at becoming resistant to
future phage additions at any stage through random mutation. Luria
and Delbriick found that their Fluctuation Experiment followed the
Darwinian model, and thus that the idea of natural selection provides
a better fit for bacterial evolution in hostile environments, rather
than the direct response postulated by Lamarck. One can see in
this image the wvariation in numbers of resistant populations is
much greater in the Darwinian model as resistance is inherited
from previous generations rather than acquired only at the moment
of exposure to phages and it is more likely for mon or all of the
populations to be resistant than in the Lamarckian model. Image
taken from[49]
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Figure 1.2 Cartoon depicting the lytic pathway with the optional lysogenic
pathway available to temperate phage. Phage that do not engage in
lysogeny are known as lytic or obligately lytic for emphasis. Image

taken from[126]

seen in table these are the families to which the T-series phages popularised
by the APG belong. This shift comes from a retrospective look at phage
classification, wherein the phage families had become polyphyletic. The new
families, straboviridae, autographiviridae, and demerecviridae describe phages
more strictly than simple appearance. For example, podoviridae used to define
phages that were ‘T7-like’ in appearance and function (but not necessarily
strongly linked), but autographiviridae defines phages that encode their own RNA
polymerases. The terms ‘myophage’, ‘podophage’, and ‘siphophage’ are still in
use as polyphyletic descriptors of phage shape.

1.2 Bacteriophage Infections In General

While each taxonomic family is quite different in terms of morphology, host
specificity, and behaviour, the infection process can in general be boiled down
to four steps: adsorption, DNA-injection, host takeover, and finally lysis of the
cell. There are two distinct pathways by which phages may replicate: lytic and

lysogenic (figure [L.2)).

With these two pathways comes two groups of phages that are generally distinct.
Obligately lytic phages will act as above, simply infecting and lysing a population
of cells until either the population has collapsed or some steady-state of division

and death has been reached as both host and virus competitively mutate around



each other[21]. Temperate phages are able to use the lysogenic pathway in which
the phage DNA is incorporated into and replicated with the host genome without
the creation of phage progeny and without immediate lysis of the host. After
some external condition is met the temperate phages will leave the lysogenic
state and return to the lytic pathway, lysing the cell and releasing progeny into
the environment. Some temperate phages will integrate their DNA with the host
through random transposition (the phage DNA acts as a transposon) or site-
specific recombination (the DNA integrates at a specific gene site) in the cases of
E. coli phages Mu and A respectively; whereas other phage DNA will remain as
separate either linear or circular DNA molecules (plasmids) as in phages N15 and
P1[I8]. Temperate phages can be more likened to farmers than pesticides, as they
are able to ‘care’ for their host bacteria by reducing populations of competing
strains and providing host-beneficial genes via their internalised genomes|[12].
Temperate phages can also increase a population’s resistance to antibiotics and
potentially other phage[l03]. Additionally, some temperate phages have been
shown to increase the virulence of some pathogens and make treating infections
in plants or humans much more difficult[2][IT15][82]. All this combined means
that temperate phages are not ideal for therapeutic research. I will focus more

on lytic phages as these are the phages that I have used.

1.2.1 Adsorption of Phage to the Cellular Membrane

After a phage has diffused through a host population long enough to successfully
collide with a host it must adsorb to the membrane. When this was first studied
there appeared to be a paradox in this process in that far more successful
adsorption events happened than apparent collisions predicted from Brownian
statistics[I23]. The first solution to this paradox was presented in 1949 when it
was noted that there appeared to be some “steric fitting of the elements and of
the formation of a weak bond between virus and host”[4]. That is, the number
of collisions alone could not account for the number of successful infections if
there was not some mechanism by which the phage could ‘stick’ to bacteria. This
would be confirmed later on in a comprehensive study of the temperate phage
A wherein this model of a steric bond provided an adequate explanation for the

apparent paradoxical behaviour.

Of course we have since significantly increased our understanding of the under-

lying mechanisms and now understand that this ‘steric fitting’ is the result of



Phage | Family Family (Old) | Receptor
T1 Demerecviridae Siphoviridae TonA (FhuA) and TonB

T2 Straboviridae Muyoviridae OmpF and Fadl

T3 Autographiviridae | Podoviridae Glucosyl-a-1,3-glucose terminus of LPS
T4 Straboviridae Myoviridae OmpC and LPS

T5 Demerecviridae Siphoviridae Polymannose in O-antigen and FhuA
T6 Straboviridae Myoviridae Outer membrane protein Tsx

T7 Autographiviridae | Podoviridae LPS

Table 1.1  Table reproduced from[d] showing the receptors for each of the T-
series phages found in their host E. coli. The table illustrates the wide
variety in receptor across and within phage family, while also showing
that different phage can utilise the same receptor, e.g. T1 and TS both
use the TonA (FhuA) protein. Phage families have been changed
in accordance with recent changes to taxonomy as ratified by the
International Committee on Taxonomy of Viruses wherein the order
caudovirales and families myoviridae, podoviridae, and siphoviridae
were abolished[135)]

the source of phage host-specificity and the key to phage adsorption - binding
receptors. Each phage has evolved to recognise certain membrane features, often
porins or other populous membrane-bound protein, in the outer membrane as
receptors to bind to. An example of the range in phage receptors in the host

bacteria E. coli can be seen in table [[.11

Proteins responsible for binding to phage receptors are found on the tails of
the phages and the binding event generally induces a conformational change in
the phages which leads to phage DNA injection into the host cell. The types of
binding and conformational changes are as different between phages strains as the
receptors themselves. For example, in T4 the phage will use protein structures
known as ‘long tail-fibres’ (LTF) to reversibly stick to lipopolysaccharides (LPS)
on the F. coli membrane. The LTF bind and unbind from LPS on the membrane
in a random process allowing the T4 virion to travel across the membrane in
a diffusive process often referred to as walking across the membrane until it
irreversibly adsorbs via its short tail fibres [51]. In general phage-host specificity
is determined by binding viability between phage tail fibres and host membrane
features; the specific requirements of T4 are discussed in Section 1.3.2. T4 then
undergoes a conformational change as its tail sheath contracts and rotates as it’s
thin inner tube spans the periplasmic space in three steps. First, it mechanically
pierces the outer membrane; second, it digests the peptidoglycan layer with a
lysozyme tip; and third, the cytoplasmic membrane bulges up locally to meet

and fuse with the tip[81]. In another example, T7 - the phage on which I focus



in my thesis - will similarly diffuse across the membrane (detailed in Section
1.3.1) but on irreversible binding initiates a complex injection process involving

a protein structure implanted and unfolded in the host[116].

The irreversible nature of the final binding raises the question as to whether
there are other requirements. For optimal population growth the phage should
minimize both self-competition and non-productive infections. A high phage to
host ratio would naturally lead to many phage infecting a single host, leading
to a reduction of free phage without additional infections and potentially an
overwhelming of the host - killing it outright. In T4, for example, it was originally
believed that the proton motive force (PMF) - the potential of protons across
the membrane driving ATP synthesis and flagella motor rotation - is necessary
for the phage to bind to their host. This assumption was supported by the
demonstration by Grinius et al that infection of de-energised E. coli cells by
T4 leads to inactive phage particles, and additionally that a T4 infection causes
the membrane potential - and subsequently PMF - to collapse[4(]. However,
it has since been shown that it is only required for membrane puncture and
DNA injection - so the aforementioned inactive phage particles are inactive due
to being irreversibly stuck to something they cannot infect[7T]. This lack of
infection then is potentially indicative of a mechanism by which the phage may
avoid overwhelming their hosts, rather than any sort of avoidance of losing phage

to non-productive adsorption.

Indeed, there is a phenomenon known to occur in T-even phage, and other phage
with large genomes, known as lysis-from-without (LWO). LWO occurs when there
are very high multiplicities of infection (MOI - the phage to bacteria ratio) and a
cell lyses from phage pressure rather than complete infection[I]. If one considers
a cell as a rather more complex car tyre, one can imaging the effect of a single
phage as that of driving over a single upright nail. This is not likely to severely
compromise the tyre, however an entire box of nails would have rather dire
consequences. Similarly, a cell infected by an overwhelming number of suitable
phages will simply be ripped apart[24]. This process has been proposed to be
similar to altruistic cell death, as in order for LWO to occur the number of free
phages must be much higher than that of the available hosts - since wiping out
the host also means wiping out the virus it is beneficial to reduce the number
of phages in the area[29]. Interestingly, LWO is not a common phenomenon and
phages with smaller genomes, including T7, will simply overwhelm the host’s

ability for macro-molecular synthesis leading to simple host death[91]. Very high



MOIs indicate a large population imbalance so LWO may be beneficial to these
phage to prevent non-productive adsorptions as binding to cell debris ought to
be less efficient. Infection by LWO-able phage confers a phage-product resistance
to LWO, via phage gene products sp and imm/[I].

1.2.2 DNA Ejection

Much work has been done since the revolutionary Hershey-Chase experiment over
60 years ago. However, the exact mechanism by which phage DNA is injected into
the host cytoplasm is still unclear. There is no one mechanism that governs the
translocation of phage DNA for all of phage-kind, different phages must inherently

rely on different processes which themselves are complex.

For example, T4 has one of the fastest DNA ejections at around 4000 base pairs
(bp) per second, which has been suggested to be driven by mechanical forces
arising from the near-crystalline packaging of the phage DNA within the capsid.
The injection of T4 DNA happens as one process, unlike another example the B.
subtilis phage ¢29 which injects around 65% of its DNA - likely using internal
packing pressure as above - before a molecular machine is built from that portion
of DNA to bring the rest of the genome inside[38]. T7 is again different, it uses
a capsid-contained protein complex that unfolds to create a channel into the
cytoplasm through which a small section of genome is inserted before the rest of
the genome can be grabbed by the host RNA polymerase (RNAP) molecules[90].

In vivo DNA ejection is somewhat predictably more complicated as there are
now two compartments to consider as the bacterial cytoplasm must be taken into
account. This presents an additional pressure as the cell maintains its inflation
through osmotic forces (discussed in Section 1.4), as well as introducing additional
biological parameters. In infections with phage T4, bacterial populations with
higher growth rates prior to infection lead to high phage growth rates post
infection, as shown by Nabergoj et al[96]. Using chemostat dilution rate as a
proxy to growth rate they saw that as growth rate increases the burst size is
increased and the latent period decreased, meaning more phages are produced
per lysis event and the time between infection and lysis is reduced. Interestingly
the adsorption rate of T4 to E. coli was shown to decrease with increasing growth
rate. They theorised that this was because larger cells should have a lesser

concentration of OmpC in the membrane.



I have identified, broadly speaking, three competing hypotheses regarding the
exact mechanism of DNA internalisation from phage to bacterium. Two of these
models assume that injection is purely driven by pressure differences, and the
third takes into account the contents of the cytoplasm into which the DNA is
being injected. As the pressure models rely on a reasonable understanding of
osmotic pressure, I have described these models in Section 1.4.2. after a treatment

of the background theory of osmotic pressure in cells.

1.2.3 Host Takeover

Once phage contents have been trans-located to the host cytoplasm the process
of hijacking the bacterial biomachinery in order to produce new phage progeny
begins. Understanding the essentials of phage DNA transcription and translation
is not necessarily a requirement for the main result presented in this thesis.
However, they are part of the infection process and as such may be impacted by
the loss of cell pressure I present. Additionally, I present a computational model
in Chapter 6 that aims to track the host takeover of E. coli by T4 with regards to
the intracellular processes that take place. In Chapter 6 I include a small section
of background that pertains more to the model than to the experimental results

presented in Chapter 5.

Broadly speaking phage gene expression is a temporally controlled process with
distinct stages often labelled as ‘Early’, ‘Middle’, and ‘Late’, each with their
own class of promoter - though some phages can lack the ‘Middle’ phase. The
naming convention here refers to the temporal development of the phage protein
production. Proteins produced from early promoters during the early phase work
to bring the system into the middle phase where middle promoters likewise work
towards the late phase. Genome transcription in phage infections is primarily
classed by the presence of endogenous RNAP holoenzymes. Phages such as T4
and \ do not encode their own RNAP and so must adapt the host RNAP to
transcribe their DNA. Phages such as T7 and T3 do encode their own RNAP,
and so generally rely on host RNAP to express the phage-encoded RNAP that lies
under an Early promoter. The host RNAP is then inhibited by a phage protein
and the phage RNAP continues the process until lysis[144].



T4 T7
Family Straboviridae | Autographiviridae
Receptor OmpC & LPS | LPS only
RNAP Source Host Phage
Latent Period* | 20-25 min 13-17 min
Burst Size* 150 260
Genome Length | 170 kbp 40 kbp

Table 1.2  Quick reference for phages T4 and T7. * Numbers reported for phages
infecting an exponentially growing bulk population at 37°C[235].

1.3 Bacteriophage Strains Used in this Thesis

The phage strains used in this thesis are Tlﬂ T4E]7 and T?ﬂ The main result
of this thesis in Chapter 5 was observed with T7. It was believed that we had
stocks of T4 (not T1 masquerading as T4) and so much of my work prior to
obtaining that result concerned T4, including Chapter 6. The mistake with T1
was found with cryo-EM imaging performed by Ryan Morris, and the labs were
quickly sterilized. Some cell sizing experiments were performed with T1, however
an error in the experimental process rendered the data unusable and T1 is not
discussed in this thesis beyond Section 1.3.3. A quick-reference for both T4 and
T7 can be seen in table

1.3.1 The T7 Bacteriophage

T7 is the prototype of the ‘“T'7 group’, a classification of T7-like phages thought
to be obligately lytic[89]. It has a roughly 60 nm diameter capsid and a genome
length of 40 kbp. It is one of the ‘T-series’ phages (coliphages popularised by
Delbriick et al) and was a member of the podoviridae, a polyphyletic family
of phages characterised by short, non-contractile tails. T7 is now part of the
monophyletic family autographiviridae, referring to the ‘auto-graphein’ or ‘self-

transcribing’ nature of those phages which encode their own RNAP[LI].

T7 adsorption is dependent on interaction between LPS and the tail fibres. While
it has been reported that FhuA and TonB serve as receptors for T7[I0§] it is

generally held that T7 relies on rLLPS on the bacterial membrane as is noted

! Accidentally, see Section 1.3.3.
2Briefly, after finding the accident.
3For the majority of my experiments.
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Figure 1.3 A schematic of T7 with protein structure labelled. The packed
genome takes up about 40% of the capsid volume. During infection
the internal core formed of gp14, gpl5, and gp16 is used to form a
channel into the cell through which the DNA is internalised. Image
taken from[89]

in table T7 diffuses along a bacterial membrane in a process which has
been described as ’'walking’ or ’hopping’ wherein some of its tail fibres will
bind reversibly to the membrane and then unbind, dissociating phage from
membrane. Injection of DNA is dependent on the phage being well aligned
with the membrane, which occurs when all the tail fibres bind, which brings

this hopping diffusion to an end as in figure [1.4]

In plasmolysed cells it was found by Bayer in 1968 that there were areas of
adhesion between the F. coli membrane and cell wall, now commonly referred to
as ‘Bayer patches’. In the same work bacteriophages T1, T5, and T7 could be seen
via electron microscopy to be adsorbed only to these points on the cell, indicating
that they represent primary or very efficient binding sites for the phages[8]. It
has been suggested that the phages in this case could actually be responsible
for these patches, and that a trans-periplasmic channel formed during infection
could facilitate their formation[90]. The efficiency and simplicity of binding to
LPS has caused some small issues for the study of T7 and T7-like phages as
the tail fibres can quite easily adapt to other strains of bacteria as the required
mutations are quite minor. While this is not an issue if one is certain of one’s
strain, instances like the T7-like Yersinia pestis phage ¢ A1122 being described in
published work without reference to its extended host-range nature or instances
of mistaken identity (particularly in T7) are quite common, especially in the past

prior to quick genome sequencing|141].
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Figure 1.4 A schematic of the T7 reversible and irreversible binding to the E.
coli membrane (below) accompanied by tomograms of the process
(above). In the above images yellow arrows denote fibres bound to
the membrane and green arrows fibres that are free. Those that bind
are rotated downwards, and the final irreversible step occurs when
all fibres are bound together. Image taken from[50).

The T7 injection mechanism complex and involves significant structural changes
as it releases its payload into the host. The internal core proteins highlighted in
figures and are ejected from the capsid forming a cross-periplasm channel
through which DNA is internalised. It has been found that gp14 remains in the
outer membrane of the infected cell while gp15 and gpl6 form the channel into
the membrane. Gpl6 appears to be a versatile protein as the N-terminal domain
bound lytic transglycosylase is responsible for breaking down the cell wall[86].
In addition, gpl6 appears to be responsible for termination of the initial step of

DNA injection wherein about 1 kbp of the genome is internalised [17].

Subsequent complete genome entry takes around 10 minutes as it is internalised
by first E. coli RNAP molecules and then T7 RNAP. The long inernalisation
time allows an early T7 gene product - gp0.3, later named Overcome Classical
Restriction (Ocr)[68] - to be produced in sufficient numbers to inactivate host
restriction enzymes that would typically cleave the phage DNA as part of the
cell immune system. Moffat and Studier found that production of this sufficient
number of Ocr took about 6 minutes, but that prior to this the DNA was not
susceptible to restriction by enzymes that were not being restricted however
the mechanism by which this DNA escapes restriction is unknown|88]. The
mechanism of Ocr is one of mimicry, wherein it appears to host enzymes to
be DNA allowing it to effectively replace T7 DNA in the restriction system[I34].
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A recent study by Ye et al showed that Ocr also binds to host RNAP, revealing
a versatility in this protein allowing it to interfere with host biosynthesis beyond
simply protecting the phage genome[146]. This interference is avoided by T7 as
it encodes its own RNAP (unlike T4 which uses host enzymes). The T7 genome
is small and encodes only 57 proteins (as of latest Uniprot proteomic entry),
including a proprietary RNAP which means host RNAP can simply be inhibited
rather and thus less proteins are required for the infection compared to phages
that adapt the RNAP (such as T4)[85] .

T7 gene products are transcribed in a temporal process comprising an early,
middle, and late phase with the respective proteins often referred to as classes
I (gp0.3-1.3), II (gpl.6-6.3), and III (gp6.5-19.5). Early gene products are
transcribed via host RNAP enzymes and include T7 RNAP which transcribes
middle and late proteins. The early and middle periods are responsible for
production of proteins that encourage phage RNA production and inhibit host
biosynthesis, while the late period is reserved for production of proteins required
for both new phage progeny and host lysis. Inhibition of E. coli RNAP continues
past Ocr production with the early product gp2, which efficiently inhibits the
enzymes halting early transcription and pushing the system into the middle
phase[114]. Additionally the class II gene product gp5.7 has been reported to
be (while overall nonessential) required for optimal phage growth in E. coli by
providing an additional inhibitor for host RNAP[I27].

Several genes in the early and middle phases have been investigated for
therapeutic purposes - often as part of studies looking for novel antimicrobial
agents - however many remain un-characterised. T7 encodes for several genes
classed as growth inhibitors for E. coli, each acting in different ways and conferring
different benefits to the phage. Gp0.4, a very early class I product, has been found
to inhibit the host ‘filamenting temperature-sensitive mutant Z’ (FtsZ) protein
which is essential for cell division[61]. Expression of this protein is lethal for the
host, and would result in elongated cells were it not for other phage proteins that
more completely halt cell growth. This offers a benefit to the phages as if multiple
phage genomes are within one cell, inhibiting the division of that cell hinders the
overall phage population, therefore driving competition in phages. As gp0.4 is
active for about 4 minutes (one fifth of the optimal E. coli division cycle) 20%
of the infected population of bacteria will have divided in the absence of gp0.4.
Half of these daughters would not give rise to any T7 progeny as they would not
contain the phage genome. Thus FtsZ inhibition by gp0.4 can increase progeny
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of a phage by roughly 10%. Additional inhibition of growth arises from class I
products gp0.6 and gpl.6, and class II products gp3.8, gp4.3, and gp5.3, however

the underlying mechanisms by which this occurs are still unclear[93].

The T7 lysozyme, gp3.5, is responsible for regulating class II and class III
expression. Gp3.5 binds to the T7 RNAP which decreases its affinity for T7
promoters by destabalizing initial transcription complexes (a complex being
an RNAP molecule bound to DNA)[87]. Because class II promoters are
comparatively weaker than their class III counterparts they are more greatly
effected and class 11l expression increases. Gp3.5 only interferes with the initial
complex formation, once the transcription complex has begun elongating along

the DNA it is immune to the activity of the lysozyme[52].

Class IIT gene products are those involved with the finalisation of phage progeny -
DNA packaging motors, phage assembly proteins, and lysis proteins. The T7 lysis
process is not well understood. It does not appear to be dependent on expression
of any one protein, rather a complex process involving different lysozyme and
holin-type proteins that can be up or down regulated as necessary. It has been
found that a T7 mutant that cannot express lysozyme will demonstrate a delay in
lysis time[124]; and similarly one that has a deletion of the holin protein gpl17.5
will also delay a lysis time, but will additionally have an increased production of
other class IIT mRNAs, suggesting a compensatory up-regulation of other proteins

involved in the process[143].

1.3.2 The T4 Bacteriophage

The T4 bacteriophage is a member of the straboviridae (a family defined by the
fact that its members are ‘T4-like’[I33]). T4 consists of a 126 nm long and 86 nm
wide prolate icosohedral capsid - containing the phage’s 168 kbp genome[85]
packed to a density of about 500 mg/mL - attached to a long contractile tail
sheath. At the connection between capsid and tail there are several fibres forming
a collar known as whiskers which serve a dual purpose. First, they keep the T4
long tail fibres (LTF, as introduced in Section 1.2.1) in place while the phage is
in free diffusion; and second, they act as a sensing device - when the phage is
near a potential host they will unfold allowing the LTF to adsorb to the LPS or
OmpC on the cell membrane[19][54].

T4 has a fairly narrow host range - infecting some species of Fscherichia and
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Shigella - which is determined by its ability to bind to either OmpC or a mutant
of LPS that contains one or two glucose residues. T4 can infect cells in an
OmpC-dependent process or an OmpC-independent process [137]. In K12 E. coli
OmpC is known as the primary receptor; if it is present it will be prioritized over
the secondary receptor LPS. A key factor as to whether LPS may be used as a
receptor is their ‘smoothness’. LPS that do not posses a saccharide side-chain
known as an O-antigen are known as rough LPS (rLPS) and those that do are
known as smooth LPS (sLPS)[74]. The O-antigen itself is part of a cell’s immune
system and prevents surface LPS from becoming hydrophobic and thus protecting
the cell from hydrophobic antimicrobial agents[I31]; they are also used widely as
phage receptors for several other strains[I3]. Through structural docking analysis
it has been shown that the distal tip of the LTF is similar in size to the surface
cavity formed by OmpC (~ 25 A) and the tip of the LTF sits in this cavity,
likely interacting with the extracellular loops of the protein pore[6][7]. Despite
LPS and OmpC being quite different structurally the amino acids within the
distal region of the LTF that bind to them are similar, the patches formed on
the bottom and sides of the trimeric distal tip function for both rLPS and OmpC
interaction[128]. The loose binding with these sites allows T4 to travel across the
membrane similarly to T7, however it does not dissociate from the membrane
during the process - possibly as a result of having longer tail fibres. While there
are generally many copies of OmpC (and rLLPS) on the host, T4 prefers to infect
either at a pole or at an impending division site[30][44]. As an aside, this may
explain the result of finding a reduced adsorption with larger cells as one would
expect the OmpC proteins to be more spread out thus reducing the probability
of being able to bind to several at once. Once at least three tail fibres bind to
the receptors in the membrane, the short tail fibres that lie folded at the distal
end of T4’s tail will unfold and bind irreversibly with the outer oligosaccharide
core of LPS in the membrane[98][137].

After the short tail fibres have bound, the phage must puncture the membrane
and create a channel by which its DNA may pass directly into the cytoplasm
(thus bypassing any periplasm-bound immune system, e.g. nucleases[76]). Recent
models have shown that it is likely that the T4 virion rotates as the tail contracts,
and in combination with a lysozyme tip to digest the peptidoglycan layer[58] this
is what allows it to bore into and span the periplasmic space[37]. The inner
membrane bulges up to meet the tail tube and a complete channel connecting
the inner and outer membrane is formed (as seen in figure [L.6)[5I]. At this

point the previous question of models of DNA injection becomes relevant, as it
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Figure 1.5 3D cartoon depicting a T4 virion. Visible on the capsid are two
of the three proteins comprising the elongated icosohedral structure:
gp23, which forms the ring-like structures visible on the faces; and
gp24, which forms pentamers at the vertices of the capsid. At the
base of the capsid gp20 can be seen, forming the dodecameric portal
vertex by which DNA may leave the head[109]. The helical structure
of the tail is visible, formed by gp18, and the long tail fibers are in
their unfolded state. Image taken from[145].

is currently unknown exactly how the T4 payload is brought into the host. It
is known that in assays of Rb™ ion efflux (used in analogy to potassium and
magnesium flux) T4 induces a transient leakage of intracellular ion content at
the point of infection, likely due to being flushed out of, or around, the hole
along with water as turgor pressure is lost[69]. I present a detailed overview of

the subsequent T4 host takeover in Chapter 6.

1.3.3 The T1 Bacteriophage

If you are using T1 in your lab,
pretty soon everyone in the

building will be using T1.

Apocrypha

T1 is a member of the Demerecviridae family; it is siphoviridic, meaning it has
an icosohedral head and a long flexible and non-contractile tail. It has a genome

length of approximately 50 kbp, encoding some 77 different genes, only 27 of
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Figure 1.6

A-J, 8D tomograms shown as central slices of the stages of infection
of E. coli by a T4 phage. In F, a single long tail fiber can be seen
attached to the surface of the cell before the phage is brought into
contact. In J the phage’s tail has contracted forcing the tube inside
the bacteria. The inner membrane can be seen bulging upwards,
possibly the result of an electrostatic attraction due to the charged
membrane. K-O, 3D modelling of F-J. Image taken from[5]).
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(B) B

Figure 1.7 A comparison of cryo-EM images taken by Ryan Morris of lysate
from samples containing (a) the supposed T4, confirmed to be T1
and (b) T4 obtained from the ATCC culture collection, thankfully
confirmed to be T4. The difference in siphoviridic and myoviridic
structures s clear.

which have been categorized[139]. This under-characterization of protein function
provides a small indication of the lack of focus on T1 in research. The phage has
a reputation as a pestilence in most bio-labs, so much so that one of the most
common E. coli mutations used in research is A TonAA TonB which is immune to
T1[53]. It is highly resistant to desiccation, can survive indefinitely as an aerosol,
and completely immune to ethanol sterilization. It is also highly virulent and
capable of out-competing every other T-series phage, as we discovered to our
detriment. We initially believed our collaborator had sent us T4. However, after
performing cryo-EM on some samples (ﬁgure it became obvious that we were
dealing with a different phages which was verified through short-read sequencing
to be T1. The inclusion of T1 in this project was accidental and swiftly rectified

with liberal application of a biocidal agent.

1.4 Osmotic Pressure and its Role in Phage and

Bacteria

Key to the results presented in this thesis is an understanding of osmotic pressure

and its role in bacterial growth and general physiology. Osmotic pressure arises
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from differing levels of solute concentration across a semi-permeable membrane,
wherein water will naturally flow towards the higher concentration - up the
osmotic gradient. From the Encyclopedia Britannica, osmotic pressure was first
properly studied in plants by Pfeffer in 1877. In 1886 van 't Hofft showed that
if a solution is dilute enough that the partial vapour pressure above the solution
follows Henry’s law (that is, the weight of a gas dissolved in a liquid is proportional
to the pressure of that gas on the liquid - i.e. that the partial vapour pressure is
proportional to the solute concentration) then the osmotic pressure varies with
temperature as if it were a gas occupying the same volume. Since the 19*® century
the study of osmotic pressure has found relevance in a large number of areas in
biology and colloid science[3] [95] [TT0][117].

This pressure arises from the lowering of the chemical potential of water via the
dissolving of solutes. The chemical potential is itself a function of the free energy
of water molecules, which can be directly linked to the kinetic activity of those
molecules (also known as water activity). Solutes trap water molecules via charge
interactions and thus reduce their kinetic activity (and thus water activity), which
is a reduction of free energy. Since a region of low activity has many bound water
molecules but few free water molecules it will draw in additional water molecules
due to the increased free volume. Essentially, if there is space for molecules to
move around they will tend to move into that space until the free volume is

sufficiently reduced.

When two volumes of water are separated by a semi-permeable membrane, as in
figure [1.8 water molecules will freely diffuse throughout each volume. If solutes
are present in one volume but not the other, they will bind the water molecules,
lowering the water activity and increasing the available free volume allowing more
water molecules to enter that volume than leave. This causes a net flux inward
to the solute-dense volume up until it is balanced by the pressure that volume
puts on the semi-permeable membrane. This is a very physical description of the
process, and a more thorough thermodynamic treatment is presented in Section
1.4.1.

In bacteria osmotic pressure has been studied quite thoroughly[3][62][84]. E. coli
relies on a turgor pressure that arises from an osmotic gradient it maintains
across its membrane to maintain its shape and grow larger. Water flows in to
the cell in accordance with the higher internal concentration of solutes causing it
to inflate. If the external concentration of solutes changes the cell will adapt by

either raising or lowering its internal solute concentration to maintain a favourable
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Figure 1.8 Cartoon of water in a U-pipe. The dotted line in the center depicts a
semi-permeable membrane through which water may pass but solutes
(black dots) may not. Since the solute particles lower the water
activity the number of interactions with the membrane is much
higher on the pure water side. Thus, the flux of water will overall
point from left to right and there will be more water in the right
arm. As water flows into the right arm the pressure from the weight
that resists the addition of new water molecules will increase. The
osmotic pressure is the amount of this resisting pressure that brings
the net flux of water across the membrane to zero.
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pressure of 0.3-3 atm[25][16]. The E. coli osmoregulation system is complex and
involves different processes working in tandem to maintain turgor, an overview
of this system can be seen in figure E. coli undergoes morphological and
physiological changes in response to osmotic shock. In response to hyperosmotic
shock, where the external osmolarity is increased above the internal, the cell will
shrink and plasmolyse (the inner membrane dissociates from the cell wall)[105] as
water flows out of the cell in accordance with the now-reversed osmotic gradient.
Following this the cell will begin importing K* ions and up-regulating pathways
for organic osmolyte (solute) synthesis to increase its internal osmolarity such that
the original osmotic gradient is maintained. In the case of hypoosmotic shock,
the existing gradient is strengthened such that too much water flows into the cell
causing it to distend. This results in mechanosensitive channels in the membrane
opening allowing solutes to escape and causing the cell to shrink below its original

size, after which it recovers through active osmolyte import as above[142] [14].

1.4.1 The Thermodynamic Origin of Cellular Osmotic

Pressure

Van 't Hofft’s observation led him to conclude that one can consider the solutes
as gas particles colliding with a membrane and it is that which produces the
osmotic pressure. However this is slightly misleading as pointed out by Dick[27],
as in the case of osmosis it is the solvent (water) that moves, not the solute.
Additionally, this description does not adequately describe experimental data
and though approximations are useful, there is a more thorough way of describing

osmotic pressure through thermodynamics rather than simply kinetics.

Recalling from thermodynamics, the Gibbs Free Energy is written as
F=E+PV-TS (1.1)

where F' is the free energy, E is the internal energy, P, V., T are pressure, volume,

and temperature, and S is the entropy. If the change in F is written as
dE = q — w, (1.2)

or the difference in heat absorbed by the system and the work done, one can
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4 Water Channels
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Figure 1.9 A cartoon showing E. coli osmotic requlation during hyperosmotic
shock. Above are equations for the osmotic pressure II and the
change in volume that is due to a balance between the osmotic
pressure drawing water in and the resulting hydrostatic pressure
inflating the cell. Solute channels are those that import or export
solutes and water channels allow the passage of water either
passively in the case of aquaporins or actively in the case of
mechanosensitive channels. At rest a cell with positive turgor
pressure is inflated by maintaining a higher internal concentration of
solutes than the environment. Hyperosmotic shock occurs when the
external solute concentration is increased causing an efflur of water
as the osmotic gradient is decreased. The cell then actively increases
its internal solute concentration to draw water back into the cell.
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express two relations for the volume and entropy of the system,

(), v (3), -

Water moves according to a chemical potential u, and the chemical potential of

a single component in a solution is its partial molar free energy, i.e.

(8F
H1 =

— . 1.4
anl >T,P,TL2,TL3,... ( )

One obtains the effect of pressure on uy by differentiating (1.3) with respect to

ny, i.e.
0 (08), B, () ”
ony \OP T,n2 B OP\on, T,n2 B or T,n2, ‘
and oV
(s ), = o (16)
such that 9
oy _y
<8P>T,n1,n2 B ‘/17 (17>

where V; is the partial molar volume of component 1. For water this is usually
about 18 mL. Applying an excess pressure, the osmotic pressure II, will increase

the chemical potential according to

Po+IT _
Apuy :/ V1dP. (1.8)
Py
Since water is nearly incompressible the assumption that V; is practically constant

can be made, and the change in chemical potential becomes
Apy =TIVi, (1.9)

and thus the increase in the chemical potential of component 1 (the solvent,
water) due to pressure is directly proportional to the increase in pressure with

the coefficient of proportionality being the molar volume.

An addition of a second component (solute = osmolyte) will cause the chemical
potential of the solvent to lower, by what amount one can calculate from the
entropy of mixing the two substances. The entropy of a mixture arises from the
probability of the components of a mixture to be in a highly ordered (unlikely),
or highly disordered (likely) state, such that the thermodynamic probability, W, is
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the number of molecular arrangements that are possible with a given macroscopic
state. The bigger the macroscopic state, the higher the number of possible
arrangements and thus the higher the W. For an individual molecule the entropy
is given by

S = kplnW, (1.10)

where k; is the Boltzmann constant, equal to R/N (where R is the molar gas
constant and N is Avagadro’s number). As the initial (pre-mixed) formulations
are uniform in nature, the initial entropy Sy must be zero, as there is only one
way of arranging one thing and so W; = W5 = 1. When the two components are
mixed however the expression for W, 9 = W, becomes

(N1 + Ny)!

Wy = — 20 1.11
N IN,! (L.11)

and the entropy after mixing becomes

(N7 + Ny)!

S =kl
PN

(1.12)
Provided n is large (which it is as Ny and N are very large) this may be simplified
using In(n!) = nlnn — n. Additionally N; and N, may be converted to gram-
molecules by dividing by Avagadro’s number, N. Thus the equation for the

change in entropy becomes

il SR W Y (1.13)
nq N9

AS = R[nlln
and the change in partial molar entropy of component 1 is obtained by
differentiating by nq,

0AS
3n1

> — _Rn—" (1.14)

ny +n2

A&:(

The change in free energy for component 1 is given by (after integrating for

variation in n at constant temperature)
AF, = AH, — TAS,, (1.15)

where AH, is the change in partial molar heat content for component 1. Tt is

assumed that AH; = 0, implying there is no temperature or volume change upon
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mixing the two components. Thus

Apy = AF, = —~TAS, = RTln—"* (1.16)

n1+n2

n2

n1+n2
change in chemical potential must be negative on mixing component 1 with 2.

where is a fraction of which the logarithm must be negative, and so the

One may use this relation to derive the classic expression (van 't Hofft) for osmotic

pressure since at osmotic equilibrium
Apq (frompressure) + Apy (fromsolvent) = 0, (1.17)
and so from (1.9) and (1.16) one may write

ni

[IV; + RTn

= 0. (1.18)

nq +7L2

If it is assumed that the solution is very dilute, then In—"— ~ —22 and the

ni+nsg ny’
osmotic pressure may be written as
IV, = RT 2, (1.19)
m
and since n,V; = Vi,
I = RT-2 = RT'm, (1.20)

Vi
where m is the volume-molar concentration which is essentially the molal
concentration. This recovers the classic interpretation of osmotic pressure, but
needs a lot of assumptions and approximations. It also implies that the solution
in question is perfect (i.e. that the solutes are identical in mass, size, and
intermolecular force) which is never true in biology. The point of explicitly writing
out these derivations was to show the physical source and definition of osmotic
pressure while also showing the necessity of a modification of the classic definition

when applying it to living cells.

Since biological solutions are never really ideal, one may not expect to recover an
accurate value for the osmotic pressure from (1.20). Instead there is a so-called
empirical correction factor, or fudge-factor, ¢, which is known as the osmotic
coefficient and differs for each species of solute. With this factor the osmotic
pressure can be written as

Il = ¢RTm, (1.21)
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or, considering a difference in solute concentrations across a membrane,
II=—-¢RT(c. — ), (1.22)

where ¢, and ¢; are the concentrations of extracellular and intracellular solutes
respectively. The negative sign modifies the pressure to act on the membrane

pointing into the cell rather than pointing out as c. > c¢;.

1.4.2 Osmotic Pressure and Phage DNA Ejection

As mentioned in Section 1.2.2 there have been several models of DNA ejection
that focus on osmotic pressure as the main driver of ejection both in vitro and in
vivo. The idea that a phage capsid presents a high osmotic pressure arises from
the fact that DNA is densely packaged inside the capsid and that both anions and
cations are trapped in the tightly coiled DNA. It has been found that altering the
external osmolarity by adding Na™ one can decrease the spacing between DNA
strands in a phage A capsid, suggesting that bending energy cannot account for all
of the energy landscape within a phage[I07]. In the same work it was calculated
that the energy in DNA self-interaction was as much as 38000 k, T for a wild-
type A, an order of magnitude greater than that of DNA bending - thus DNA

self-repulsion is the dominant contribution to capsid stress.

The hydrodynamic model proposes that the osmotic pressure inside a phage
capsid can be calculated from osmolyte concentrations used in Evilevitch’s
osmotic suppression experiment. However, in the subsequent work by Jeembaeva,
discussed in the DNA Condensation Model Section below, the result of full
ejection depending on the presence of DNase rather than osmolarity somewhat
casts doubt on the calculation of osmotic pressure through suppression. In terms
of general osmotic study the phage capsid presents a difficult compartment for
which to determine the osmotic pressure as the near-crystalline DNA does not
allow enough water inside the capsid to qualify as a solution. Moreover, the DNA
is just one molecule but its size means calculations regarding concentrations must
be done by number of base pairs rather than number of DNA molecules and it is
unclear what contribution if any a single base pair should have compared to its
neighbours. Nevertheless, there does appear to be a flux of water and solutes from
within the cell at the point of infection, and so the question of the relationship

between DNA internalisation and osmotic regulation remains open.
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There have been various attempts to provide a unifying theory for DNA
internalisation, however there has yet to be a consensus. I here identify
three separate hypotheses or models for this process: the internal pressure
model (sometimes referred to as the continuum model or pressure conjecture)
which was held in the nascent period of phage research[I48]; the hydrodynamic
model proposed by Molineux which describes water transport mediating DNA
internalisation[92]; and a model of DNA condensation providing the necessary

force for internalisation proposed by Jeembaeva [55].

The Continuum Mechanics Model

In the first and original hypothesis only the forces that arise from DNA being
packed tightly are considered. DNA itself is a long molecular chain that is
negatively charged, and so strong electrical repulsion is generated when it is
forced together without the aid of positive charges like histones (in the formation
of chromosomes[d]). In a phage capsid DNA is packaged up to a maximum
concentration of 500 mg/ml[120] resulting in a pressure of around 20 atmospheres.
It was shown in 1968 that by packaging nylon wire into a model glass phage to a
pressure of 30 atm it resulted in ejection of the wire at phage timescales, however
it is unclear that frictional forces would be conserved at different scales[14§].
Despite this, this result was used as evidence in support of an internal DNA
pressure being the driver for the ejection process - the difficulty of obtaining
meaningful data prior to single molecule studies has been cited as a reason for
the lack of greater insight [I0I]. In phage A DNA ejection has been studied well
in vitro and the results seem to accord with both the nylon experiment and the
continuum mechanics model as a whole. However, as shown by Leforestier, phage
T5h demonstrates a different behaviour as it will not eject the same length of DNA
for all pertinent environmental conditions (i.e. what it may expect to encounter
in nature) which suggests that this does not hold true for all phages and thus

there must be additional un-resolved factors[72].

The Hydrodynamic Model
This second hypothesis attempts to bridge the gap between these different ejection

mechanisms by suggesting an alternative - species neutral - mechanism. The logic

behind this model is that the capsid-contained DNA traps both anions and cations
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Figure 1.10 A graphical comparison of the continuum mechanics and hydro-
dynamic models adapted from[92]. P, is the internal pressure
arising from DNA-DNA repulsive forces and bending forces, and
Thuf fer 15 the osmotic pressure of the environment.

within its tightly packed conformation (as seen in fig [L.11))[75], causing a large
apparent ionic density and thus a strong osmotic gradient towards the center of
the capsid. Since the DNA is tightly packaged and the capsid is closed, there is no
opportunity for the osmotic gradient to balance and the pressure remains. When
the tail or capsid opens the resulting hole allows the DNA to escape, water will
flow into the capsid through the protein shell and out through the hole, bringing
the phage DNA with it.

This model could hold in vivo as the opening of a hole in the side of a bacterium
will cause the cellular pressure to collapse (as shown in Chapter 4), leading to
first a short eflux and then a long influx of water. It is possible that the influx of
water could drag the DNA into the cell, however it is not clear if this agrees with
experimentally observed timings. There is currently no experimental evidence
that would suggest that this is the case, and even in wvitro it does not have
a particularly strong argument. In terms of solution the interior of the phage
capsid is highly non-ideal (¢ is either much higher or much lower than 1) and so
the osmotic pressure is very difficult to define. It is not clear that, if the phage
capsid should open, water should continually flow into it and propel the DNA out

- especially as the model assumes water flows out of the tail pulling DNA with it.
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Figure 1.11

@ cCations
O Anions

Cartoon of DNA packaged within a phage capsid. Large circles
connected by a grey line represent the DNA chain packed into the
capsid. Near the centre of the capsid the organised packing breaks
down and the DNA molecule must be bent beyond its persistence
length[92], and the black and white dots are the respective cations
and anions trapped by the DNA molecule. Image taken from[T5].
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DNA Condensation

The previous model by which osmotic pressure is the primary driver for DNA
internalisation cites as supporting evidence work by Evilevitch termed the
‘osmotic suppression experiment’[32]. In this work it was demonstrated using
phage A that a sufficiently high concentration of PEG8000 would raise the external
osmolarity so high it would suppress DNA ejection when A\ receptor binding
proteins were present in solution. As the external osmotic pressure was varied
from 0 to 20 atm, the amount of ejected DNA decreased from all to none. This
work was performed with a nuclease (DNase I) present in solution, which breaks
down DNA by cleaving at particular sites leading to a solution of free nucleotides.
Since the capsid is impearmeable to nuclease only the DNA that was ejected was
broken down and so can be measured by spinning down the mixture after the

ejection has finished.

However, work performed later in the same group by Jeembaeva[55] suggests
that the experiment may not support the Hydrodynamic model as is assumed.
It was found that in the absence of nuclease one observes the ejection of the full
genome even at high external osmolarities. The the DNA Condensation Model
(figure was proposed, providing the argument that it is precisely because
the external volume has a high osmolarity that the DNA can fully eject.

The DNA condensation model predicts that a complete genome is internalised by
molecular-crowding-induced DNA condensation. A DNA molecule in a crowded
environment will reduce its volume to maximise molecule-solvent interactions.
This reduction in volume will cause depletion reactions within the resulting
globule giving rise to a strong an-isotropic osmotic pressure acting towards
the depleted regions (de-hydrated regions) in the DNA. It is posed that this
condensation of the DNA provides the complete force required for the entire
genome to be internalised, and does not depend on any existing pressure
gradients across the membrane - only requiring the cytoplasm to be crowded

with macromolecules.

Previously it was shown that non-specific DNA binding proteins HU and DNase
I can speed up the ejection process in wvitro by exerting ‘pulling forces’ on
the molecule and acting as molecular motors[80]. The argument presented
in the DNA condensation model is that despite the earlier result that high
osmolarity suppresses ejection, the molecular crowding within a cell cytoplasm

actually promotes ejection of a complete genome through crowding-induced DNA
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Figure 1.12 A cartoon depicting the forces suggested by the DNA condensation
model. While DNase I is present there can be no DNA condensate
formed and so the only force present acts to stabilise the DNA
in the capsid. When DNase I is absent both capsid and ejected
DNA condensates are subject to a force arising from the same
interaction. When the environmental osmolarity is raised (in vitro
by adding PEG8000), the pulling force dominates and DNA is
ejected. Image taken from[55)]
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condensation (condensation here referring to the adoption of a concentrated,
compact state occupying a small amount of the available volume). Molecular
crowding in an environment will lead to steric competition among the solutes,
changing the water activity and dehydrating DNA. Such excluded volume effects
have long been suggested to be important for DNA condensation as they favour
compact molecular conformations[73]. It has been suggested with experimental
support that in cytoplasm the condensation of DNA into so-called nucleoids
is driven by a combination of these ‘direct’ crowding effects and ‘indirect’
effects such as the increased binding of histone-like proteins under crowded
conditions[149)].

Concluding Remarks on the Three Models

While some specific phage may have well-defined DNA injection processes, it
should be clear by now that there is no general consensus on an over-arching
injection mechanism. This thesis - with the exception of Chapter MODEL -
focuses largely on the first step of DNA injection, that of the formation of a
bridge from phage capsid to cytoplasm. It is broadly an attempt to understand
the physical consequences of the mechanical or enzymatic creation of a hole from
the extracellular to the intracellular. The models of injection presented above
each colour any possible explanation of the phenomenon highlighted in this thesis,

so it is important to evaluate them as to their likelihoods.

Firstly, the Continuum Mechanics model provides a simplistic approach to
the problem that can in theory explain simple phage ejections (such as T4’s
one-step process). However given the wide variety of ejection mechanisms it
seems that it is unlikely that this model can explain all. After all, if a phage
could rely on simple bending pressure to inject its DNA, what is the use of
using complex protein machinery to do so instead? The Hydrodynamics Model
seeks to explain this with some support experimentally, that a high-osmolarity
environment does not support the total ejection of the genome. However this
model has no experimental evidence to support it and ultimately does not account
for subsequent experimental results showing full ejection in a high-osmolarity
environment without the use of DNase. For phages that perform their ejection
in a single step, it seems that the condensation of DNA as presented in the DNA
Condensation Model, has the best experimental evidence supporting it. However

again this poses the question, if phages could rely on a physical process to inject
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DNA why do some evolve such complex mechanisms? This is a question that has

yet to be sufficiently answered.
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Chapter 2

General Methods and Materials

The methods used in this thesis fall into two broad categories. The general
methods presented here have been created by others and are used throughout the
thesis. Bespoke methods developed by me are presented in Chapter 3. In both

cases I present them as protocols for ease of repetition.

2.1 General Methods

2.1.1 Strain Information and Stock Upkeep

The strain of E. coli used was EKO03, a mutant strain of K12 MG1655 with
fliC replaced by fliC*%*¥ on the chromosome and a pkk223-3/pHlourin plasmid
containing pHluorin gene under an IPTG-inducible Tac promoter. This gene is
GFP/YFP fluorescent and was originally used for measuring changes in E. coli
cytoplasmic pH, but is also suitable for general cell size experiments[104][105].
The strain was produced by Dr E. Krasnopeeva prior to my arrival to the
group. The fliC' replacement was performed for tethered-cell and bead-assay
PMF measurements by allowing either the cell to be tethered to a cover slip by
the sticky flagella, or a bead to be stuck to the flagella as it rotates. Initially
there were some plans to perform PMF measurements alongside the volume size
measurements during phage infection, hence why this strain was used rather than

a simple K12 strain expressing a fluorescent protein only.

The strains of phage used were T1, T4, and T7. T4 and T7 were procured from the
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DSMC (reference number DSM 4623) and ATCC (reference number 11303-B4)
culture collections respectively. T1 was provided accidentally by our collaborator
instead of T4. As T1 is highly likely to become a difficult contaminant we disposed
of it once identified. I continued with solely T7 after seeing reproducible infection

with shortness of time preventing expansion of experiments into other phage.

The growth medium used for all experiments was Neidhardt’s EZ Rich Defined
Medium (RDM) [97]. It is a defined medium that results in consistent growth
rates close to those found in the undefined Luria broth (LB), the most common
bacterial growth medium. We prefer a defined medium over an undefined medium
as it is a) easy to modify by omission or addition of desired components and b)
the growth of bacteria is more consistent. In LB there are unknown quantities of
amino acids acting as the carbon source. As E. coli grows it will preferentially
switch between amino acids as they deplete, from the acid providing the highest
growth rate to the acid providing the lowest in a process called catabolite
repression[39]. This switching process may disturb the growth so that on a per-
bacterium basis the growth at a given point in time is not necessarily exponential.
In RDM there is generally only one carbon source - in my case glucose, and this
source is added in saturation so the bacteria cannot deplete it prior to reaching
stationary phase. Our RDM was created from frozen stocks prepared by our lab

technician, Tracy Scott.

In RDM with glucose (RDMG), EK03 has a doubling time of approximately 24
minutes at 37°C. I maintained a frozen stock at -80°C of small aliquots of EK03
in a 2:3 RDMG:50% glycerol solution. The frozen stock was generated with the
following standard protocol from the Pilizota Lab:

Frozen Stock Preparation
1. Spread a loopful of reference stock of EK03 on an LB-agar plate with 10
mM ampicillin.

2. Grow plates overnight at 37°C, collect early in the morning for small

colonies.

3. Select a single colony and add to 10 mL LB plus 10 mM ampicillin in a

conical flask and grow overnight.

4. Inasmall falcon add 3 mL overnight culture and 2 mL 50% Glycerol solution
for a 3:2 ratio of LB-culture:Glycerol.
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5. Portion LB-culture:Glycerol solution into Eppendorf tubes (100-130 uL
each).

6. Store at -80°C.
I generated a growth curve for EK03 using a 20 x 10* times dilution into 10 mL
total volume fresh RDMG. Bacterial growth for each experiment was performed in
small incubators located in a 4°C cold room on a timed circuit. The culture would

be stored overnight in the incubators which would turn on approximately 6 hours

before my experiments began to ensure a consistent ODggo for each experiment.

Preparation of stocks of T7 was performed using the following simple amplifi-
cation protocol, with the first propagation from T7 obtained from the DSMZ

collection as reference:
Phage Stock Preparation
1. Inoculate EK03 in 10 mL total volume RDMG in a sterile conical flask.
Incubate at 37°C overnight with 200 rpm rotation.

2. Retrieve flask in morning and centrifuge at 4000 g for 5 min at 4°C. The
ODgqp value should be 2-3 for a cell count of approximately 10° cells/mL.

3. Re-suspend the pellet in fresh RDMG to a total volume of 10 mL.

4. Add 20 puL of reference T7 phage stock to flask and incubate at 37°C with

200 rpm rotation, checking every 30 minutes for clearance.
5. Once cleared, retrieve flask and centrifuge at 4000 g for 5 min at 4°C.
6. Filter supernatant through a 0.22 pum syringe filter and store at 4°C.
I kept a reference stock so that each new stock of T7 I produced would still be

only one generation removed from the reference stock. Phage titre was determined

using the double agar overlay plaque assay technique [67]:
Double Agar Overlay Plaque Assay Technique

For the hard agar plates:

1. Prepare agarose medium to 21 g/L and heat sterilize.
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2. Prepare agar plates with 18-25 mL of medium per plate. Store at 4°C once

cool.
For the soft agar overlay:
1. Prepare overlay medium to 8 g/L agarose and 13 g/L nutrient broth and

heat sterilize.

2. Divide into aliquots of 3 mL and hold at 55°C.
Preparation of bacteria:

1. Prepare overnight culture of EK03 cells in RDMG the night before the

plaque assay. Collect in stationary phase.
Preparation of phage:
1. From T7 stock flask dilute 0.1 mL into 0.9 mL of RDMG in an Eppendorf
tube.
2. Serially dilute into further Eppendorf tubes 0.1 mL at a time until the
desired range of concentrations is achieved (typically 10-10711).
Double agar overlay counting of phage:
1. Remove number of prepared agar plates from storage such that 3 plates can
be used per phage dilution plus 3 plates for a phage-free control.

2. Dry agar plates to remove condensation.

3. For each dilution add 100 L of phage dilution and 100 L of EK03 culture

to one soft agar aliquot and shake gently.
4. Pour soft agar aliquot over the hard agar plate, ensuring even distribution.

5. Allow to harden, then incubate at 37°C for 3-5 hours, checking regularly

for plaques (visible holes in cloudy agar overlay).

6. Count plaques on plates containing 50-300 phages.
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Stocks would be refreshed when they fell below 1 mL and the protocol typically
produced approximately 10 mL of clear phage stock at a titre of roughly 10'2
pfu/mL. Pfu/mL refers to plaque-forming units per millilitre. A plaque is the
result of an infection by one phage in the original mixture, and so the number
of plaques per mL gives a measure of the number of phage in solution at time of
addition to bacteria. After about a week one expects the titre of phage to decrease
by a factor of ten before the concentration stabilises (based on experience), and
so the long-term concentration of my phage stocks was about 10* pfu/mL. Phage
titre was determined after the first couple of stock refreshes to make sure that
the protocol was consistent. After consistency was reached, the titre no longer
needed to be constantly checked however was still occasionally monitored to make

sure it was not drifting out of the expected range.

2.1.2 Home-Made Microfluidic Devices

The microfluidic chips used in the cell sizing experiments are simple in-house-
built devices consisting of a glass cover slip and microscope slide held together
with double-sided scotch tape. There are two designs, illustrated in figure [2.1}]
The Tunnel Slide was used for the initial qualitative experiments in killing within
a microfluidic chamber as the simplicity allows many repeats to be made within
a short period of time. The Flow Cell was used for quantitative measurements
as the attached tubing allowed the growth state of the bacteria to be maintained

with fresh media.

Flow Cells were created and stored as ‘blanks’ which did not have a chamber.

Blanks were created using the following protocol:
Flow Cell ‘Blank’ Creation
1. Draw the required chamber dimensions (2x40 mm) on a glass slide, marking
positions for inlet and outlet at either end of the chamber.
2. Using this slide as a template, mark inlets and outlets on fresh slides.

3. Build a small well using sticky tack or equivalent on each slide around each
mark and fill with tap water. Ensure no leaks as this keeps the glass cool

and prevents fractures from forming.

4. Using a 1 mm engraving drill (in this case from Dremel) in a small drill
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Figure 2.1 Cartoon comparison of the Tunnel Slide (left) and Flow Cell (right).
The Tunnel Slide is a simple device with a chamber that is filled by
capillary action. Solution is wicked through the chamber using tissue
and the slide is sealed prior to imaging. The Flow Cell is connected
to tubing allowing the continuous flushing of solution through the
chamber. The sketched devices are inverted with respect to each other
to best show the chamber and liquid flow. In both cases the chamber
lies on the bottom (objective side) of the chip.
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press gently drill the inlets and outlets.
5. Repeat Steps 3 and 4 until all slides are drilled.
6. Clean all slides using liberal amounts of tap water.

7. Use two-part epoxy to glue 0.07” OD tubing into the drilled holes and leave
to set overnight. Ensure the tubing is poked through in the opposite way

to drilling as this means the chamber-side of the hole is cleaner-cut.

8. When epoxy is dry trim tubing on the underside of the chamber using a

flat razor blade and store under cover.

Typically the input tube was kept shorter than the output tube, as the chambers
were loaded with small amounts of fluid and so input tubing volume was
minimized. As such, the amount of cell and phage stocks and bead solutions

used per day were kept low, reducing the pace at which stocks were depleted.

Extension tubes were used to connect the Flow Cell to the syringe pump and the
waste falcon. They served a dual purpose in that they allowed the blanks to have
shorter tubing permanently fixed, easing storage, and they gave the tubing in the
system a degree of freedom in the length. A short permanent inlet was useful as
the loading volumes were small, in general its necessity depends on the volumes

used. They were made with the following protocol:
Extension Tubing Creation
1. Cut appropriate lengths of 0.07” OD tubing. Ensure enough is available to
reach the syringe pump and the waste from the stage.

2. Using a small pair of snips, cut the metal part of a brown gauge syringe off

and cut it in two, dispose of the plastic part.
3. Using a pair of pliers, squeeze the snipped ends back into an open shape.
4. Insert one half-piece into one piece of tubing such that half the metal piece
is sticking out acting as a connector to the Flow Cell tubing.
Completed Flow Cells were created each morning before the day’s experiments

began according to the following protocol:

Flow Cell Construction
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1. Clean one blank with ethanol and distilled water.

2. On reverse side of template place double-sided sticky tape lengthwise,

completely covering the chamber.

3. Using a razor blade cut out the chamber using the template as a guide.

Avoid over cutting on corners as this will induce leakage.
4. Remove sticky tape from template, leaving the cut-out portion on the glass.

5. Turn template over and place a 24x60 mm glass cover slip over the drawn

chamber.

6. Place the sticky tape onto the cover slip gently over the drawn chamber.

Use a clean pipette tip to gently tap the tape down onto the slip.
7. Gently place cover slip and tape onto clean master.

8. With a pipette tip push on the cover slip above the tape to seal it properly.

Light-coloured areas of tape are more prone to leakage.
9. Repeat for the desired number of complete Flow Cells.
After each experiment the Flow Cells were deconstructed and cleaned so they

could be stored as blanks for the next set of experiments. The cleaning procedure

is as follows:
Flow Cell Cleaning
1. Using a syringe, flush 3-5 mL of 70% ethanol solution through Flow Cell

chamber. Use force such that the cover slip flexes and the tape begins to

separate to make Step 3 easier.

2. Flush 3-5 mL of de-ionized water through the chamber. If leakage occurred

during ethanol flush use pressure to hold chamber closed.

3. Using a clean razor blade, carefully cut away the cover slip. If the cover
slip begins to break up and is very difficult to remove, simply dispose of the

Flow Cell to avoid unnecessary risk.

4. Using a tissue soaked in ethanol remove remaining tape residue and wipe

slide dry and store under cover.
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Chapter 3

Methods Developed for This Thesis

In addition to the General Methods used in this thesis are a set of bespoke
methods developed by me to produce and analyse the experimental data for
the results presented in Chapter 5. This chapter is split into three parts. The
first two comprise an experimental method for the gathering of video data of
single F. coli cells for analysis, and the subsequent development of an analysis
method that would culminate in the use of an existing neural-network pipeline.
In each case there are comments on the methods and the decisions made during
their development. The third part is somewhat monolithic as it describes work
undertaken at the beginning of the project to adapt an in-house-built microscope

for the measurements.

3.1 Cell Size Measurements and Data Analysis

3.1.1 A Protocol for Measuring Cell Size in a Flow Cell

Cell sizing was carried out in Flow Cells using a protocol initially adapted from
Prof. C. J. Lo, who provided preliminary results showing the volume loss (as in
the Lay Summary, termed ‘dip’). This preliminary protocol had several caveats,
namely in that it used a Tunnel Slide (figure [2.1] left) and so was a closed system.
Due to this, the bacteria would not grow normally as they would deplete their
carbon source and so one could say very little about their physiological state

prior to infection. The decision was made to create our measurement protocol in
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Figure 3.1 Cartoon cross-section of a Flow Cell during the cell-sizing
measurement. Shown are the E. coli cells and 0.7 pm beads adhered
to a thin layer of poly-L-lysine, over which fresh media containing
phage is flowed. The 855 nm laser (bottom to top) is focused on a
single bead allowing the stage to be held still in XYZ through a back-
focal-plane interferometric feedback loop (discussed in Section 3.3).
Inlet is connected to a syringe pump and the outlet is connected to
a waste Falcon tube. Cartoon is not to scale.

a Flow Cell (figure[2.1] right) so that media could continuously flow over the cells
such that they would not deplete any nutrient. A schematic of the experimental
setup can be seen in figure [3.1] The finished protocol developed to measure the
size of single phage-infected bacteria, the results of which are found in Chapter

9, is:
Single-Cell Size Measurement
1. The day before, dilute one aliquot of frozen stock of EK03 20,000x into
RDMG and incubate to an ODggg of 0.15.

2. In the morning, prior to collection of EK03, make 1mL of 10'° pfu/mL
dilution of phage.

3. Make up the required number of Flow Cells, usually 2 or 3 depending on
the length of the day. Ensure the inlet pipe is short and the outlet is long.

4. If necessary, make enough extension tubing for the Flow Cell by cutting a

syringe needle in half and attaching to sufficient lengths of tubing.
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10.

11.

12.

13.

14.

15.

16.

17.

18.

. Make 1 mL of 100x dilution of 0.7 ym beads in RDMG. Wash into fresh

RDMG twice using the bench top centrifuge at 17,000 g for 5 minutes each

time.

. Prepare a flask of 9.7 mLL RDMG.

Collect overnight culture and inoculate 300 uL into the prepared RDMG
flask. Incubate at 37°C for approximately 2 hours with 200 rpm rotation.

. Make 3 1 mL aliquots of overnight culture and centrifuge at 17,000 g for 5

minutes.

. Discard 900 pL of supernatant from each aliquot.

Re-suspend remaining culture into one tube and add 100 L of fresh RDMG
for a total volume of 400 uL.

Flush poly-L-lysine (PLL) into the Flow Cell through the output (long)
pipe, ensuring the whole chamber is filled. Stop flushing when the PLL

reaches the inlet hole.

Attach syringe containing 1 mL of RDM to inlet tube, detach PLL syringe
and attach extension to outlet, ensuring end of extension is in a waste falcon
tube.

Flush 1 mLL RDMG through the chamber. Pulse syringe with hand to

remove bubbles.

When detaching syringes ensure a droplet of liquid remains in needle, when
attaching make sure a bead of liquid on the syringe head couples with this
bead in the needle to ensure no bubbles are formed. Before detaching syringe

use forceps to clamp outlet shut.
Flush 400 puL of culture into chamber, incubate for 5 minutes.
Flush 1 mL of RDMG through chamber, pulsing lightly to flatten cells.

Flush 200 pLb of RDM-bead solution into the chamber, incubate for 5

minutes.

Refill RDMG syringe with 1 mL of RDMG and connect a fresh needle.

Attach extension tubing to needle.
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19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Detach RDMG-Bead syringe and needle from inlet tube, leaving small bead
of liquid on tube end. This step is highly delicate and must be done carefully.

Attach extension tubing to inlet tube by coupling water droplets.
Flush 1 mL of RDMG through chamber.
Refill RDMG syringe and attach, do not flush yet.

Fill a fresh syringe with 1 mL of phage dilution and move slide to

microscope.

Under bright-field find Koéhler illumination using field stop aperture. Stop

when aperture is in focus.
Find a FOV that contains many flat cells.

Switch imaging path to EMCCD (main imaging camera) and set excitation

and emission filters to YFP.

With any stage stabilisation off, flush 1 mL of RDMG through the chamber
and attach the phage syringe to the inlet. This refreshes the nutrients in
the chamber.

With any stage stabilisation on, image for 5 min at 0.5s exposure with 10

s between frames (10 s frame-time).

With imaging paused and stabilisation off, switch to bright-field (adjusting

gain and exposure time).

Hand flush approximately 200 pL. phage into chamber. Place syringe in
syringe pump and set to 0.1 gL /min. Start pump..

With imaging resumed and stabilisation on, image for 15 min with a 5 s

frame-time (120 frames).

At frame 120, set frame-time to 10 s and image for 1-1.5 hours or until the
FOV is blank.

Clean previous slide and prepare next experiment from Step 8 with the

culture from step 7.
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There are a few points of discussion regarding this protocol. To begin, as seen in
Step 11, this protocol uses thin layers of PLL to stick cells to the cover slip. The
antimicrobial properties of PLL are well known and various authors have raised
concerns about its use in such conditions. However, these concerns are valid for
free-floating PLL molecules only, and work done previously in the Pilizota group
shows that this method of cell attachment does not significantly impact the cells
compared to other methods [136]. It is not expected, given this work, that the
PLL coating will affect the membrane potential of the cells. If, however, there is
a depolarizing effect this will inhibit the initial opening of a hole by the phage -
thus for an experimenter looking to characterise this process examining different

methods of sticking bacteria to the cover slip would be an ideal start [60].

In terms of flushing, those performed up to Step 31 were done by hand at rates
between 5 and 10 mL/min. The high flow rate means the shear forces on the
bacteria were quite strong which necessitated the initial concentration step. This
shearing stripped many bacteria from the slide but had the benefit of flattening
those that stuck. This significantly increased analysis yield despite lowering
overall cell density. There was a gap of approximately one minute at step 30 due
to the changing of syringes. The stage was stabilised through back-focal-plane
interferometry (discussed in Section 3.3) which could not hold while syringes were
swapped due to sudden pressure changes in the Flow Cell chamber. The stage
must be stabilised during filming, and so for this step imaging was paused. In
principle this could have been avoided by using a valve, but as the gap did not
occlude the area of interest in the data it was not seen as a priority to adapt
to. Finally, the change of frame-time to 5 s after adding phage was an attempt
to catch shorter dips by increasing time resolution by 2x. Initially it had been
set at a 2 s frame-time, but this had an adverse effect of cumulative cell damage
related to exposure of the cell to low wavelengths of light [65]. Using a frame-
time of 5 s allowed images to be captured at an adequate time resolution without

compromising bacterial health.

Additionally, two data sets have been generated by this protocol. Lo’s
experiments had all been carried out at room temperature, and so initially
the preparation (Steps 8 to 22) and filming was done at about 20°C. During
the process it was decided to film at 37°C as it was found that cells were not
increasing in size at the start of the video - hence despite the continuous refresh
of media it was still difficult to make any judgements about their growth state.

The preparation, however, was still at room temperature. Several experiments
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were done with these conditions before the decision to switch to preparing at
37°C in a hot-room was made. Thus, there is a set of data gathered with a
20°C preparation (dubbed Cold Shock) and a set of data gathered with a 37°C
preparation (dubbed No Shock). Both sets were filmed at 37°C.

Images were taken on an inverted oil-immersion microscope constructed in-house.
The fluorescence excitation light was generated by a white LED at 0.5 V shone
through a 500 nm YFP (yellow-fluorescent protein) filter. Work by various ([65]
and unpublished) in the Pilizota group has shown that photo-damage to cells does
occur at this level however is minimized by short exposure times and infrequent
measurements. Therefore the initial frame time was 5 seconds with 0.5 second
exposure times for the first 15 minutes where the dip was thought most likely
to occur, then after 15 minutes the frame time increased to 10 seconds to aid
bacterial health. Over an hour this corresponds to approximately 450 images, or
225 seconds of exposure time. The photo-damage is cumulative and results in cell
death at approximately 12 minutes at 0.65 V (unpublished), and so the regime

used for these measurements should not result in cell death due to photo-damage.

3.1.2 Experimental Difficulties Overcome During Protocol

Development

The initial step to develop a protocol of observing the interaction between bacteria
and phage is necessarily to observe successful infections. This is trivial in bulk,
wherein one must simply add phage to a growing culture of bacteria and wait
for the solution to change from cloudy to clear. Observing this on the single-
cell level is, predictably, more complicated and involved some problem solving,
especially regarding flow control in the microfluidic chamber. This section
describes problems encountered and their solutions, and some ideas for future

improvements that are made more concrete in Section 3.4.

Flow Versus Static Conditions

The initial challenge to solve had been to improve bacterial growth rates and
patterns to roughly match bulk conditions as it is difficult to make even a
qualitative statement of any physiological effect if the bacteria is not growing

well. This challenge was solved by changing the experimental conditions so that
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the bacteria were imaged at 37°C and had a continuous flow of media refreshing
them(by virtue of a Flow Cell). However, these changes brought unexpected
challenges. Initial experiments indicated a difference in how phage infect in Flow
Cells and Tunnel Slides. Experiments in the former would show significantly
reduced Kkilling compared with the latter, despite comparative concentrations of
bacteria and phage in each. In both devices the number of bacteria in a given
FOV were approximately equal, in the Tunnel Slide around 80-90% of the bacteria
in the FOV die (disappear) and in the Flow Cells only 20-40% of bacteria would
typically die.

In general I was able to consistently obtain 40-60 bacteria per FOV, which
corresponded to approximately 10® cells/mL. The inspiring work by Lo had MOIs
of 100 (i.e. a ratio of 100 phage to 1 bacteria), justified as in his Tunnel Slides, the
ideal MOI of 1:1 was not sufficient for complete killing across the FOV. However,
the challenge of reduced killing in Flow Cells remained present even at MOIs of
1000, indicating that it was not simply the amount of phage present that caused
this problem.

Recalling to Section 1.3.1, the T7 bacteriophage diffuses across the bacterial
membrane by attaching and detaching - effectively hopping across the surface. In
order for it to bind and infect the phage needs to land 'on all fibres. While the
cause of non-infection was not clear at the time of experimentation, it seems very
likely that the root cause is that the flow across the membrane in a Flow Cell
was enough to disrupt the binding process. This is supported by the fact that
when the flow rate was significantly reduced, to only a few millilitres per minute,
the amount of observed killing increased to nearly 100%. Additional experiments

comparing flow rate to FOV clearance could be helpful in understanding this link.

Another challenge introduced by flow conditions are air bubbles. These pose a
significant issue in imaging as if they pass through a FOV they will inevitably
disrupt stage stabilisation and the time-lapse will be ruined. Additionally it
appeared that the introduction of bubbles to the chamber prior to going under
the microscope caused a reduction in killing. It is not currently known why
this was the case as these kinds of errors naturally decrease over time, but it
may be that they were disrupting the membrane of the bacteria in some way or
interacting with the thin film of PLL on the cover slip. To qualify the overcoming
of this challenge, air bubbles are introduced into the Flow Cell due to error in
experimentation, wherein hands moving too quickly or syringes pulled from tubes

without care allow them to be introduced. Sadly, the only way this problem could
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be resolved was to improve experimental technique. A good piece of protocol
development for future work then would be to investigate ways of making the

procedure robust to small mistakes.

Avoidance of False Positives Due to Cover slip Flexion

A challenge linked to the large flow rates above, which has prevented any data
from T1 from being presented as there were no T1 experiments performed after
this challenge was discovered, was that of false volume dips caused by pressure
inside the Flow Cell chamber. When a syringe pump is activated the impulse
causes an instantaneous pressure inside the microfluidic. Since water is effectively
incompressible and thin glass is flexible this would cause the cover slip on which
the bacteria are adsorbed to bulge outwards slightly. As this pushed the bacteria
slightly out of focus and the stabilisation at the time was not quite able to adapt
quickly enough it appeared on the volume traces as a dip. Pausing recording
between Step 29 and Step 31 above prevented these false positives from being
shown. The real dips were not expected to fall within this time-period, so no
measurements were expected to be missed due to this pausing. It would be
beneficial to examine whether or not this assumption is true, as it could be
artificially decreasing the number of observed dips and could shed more light on

the adsorption rates of different phage.

3.2 Extracting Single-Cell Area Data From Videos

Analysis of the videos was initially performed by a pair of LabVIEW programs
written by Prof. T. Pilizota to measure the area of single bacteria by counting
the number of pixels above a given threshold (figure [3.2). After finding that this
technique was not quite fit for purpose due to being unable to analyse cells in
contact with each other or sitting very close together I first attempted to write
my own edge-finding protocol (figure before settling on a machine-learning
technique from the Dunlop lab: DeLTA2 (figure . DeLTA2 allowed me to
extract area data from videos of single cells that were quite crowded, which both
previous techniques struggled with. This significantly increased the amount of
data I could harvest from a single video without compromising on the quality of
that data.
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Figure 3.2 Schematic of the pizel counting method. On the left is a typical
FOV containing cells with one good (flat) cell highlighted in the red
ROI1. The green ROI2 contains background pixels to be subtracted
from ROI1, it should be large enough to get a good average but small
enough to reduce sensitivity to passing cells and to keep it away from
the cell of interest. The yellow grid represents the threshold above
which cells are counted.

3.2.1 Counting Pixels Above a Threshold

Initially I was working with a program written in LabVIEW by Pilizota,
henceforth referred to as the ‘pixel counting’ method (figure . This method
would take a region of interest (ROI1, red in figure) around a cell with a smaller
region of interest (ROI2, green in figure) within ROI1 of only background pixels.
The mean of ROI2 is subtracted from ROI1, which is then normalised by the the
most intense pixel within it. The normalised pixels which are above a threshold
of 0.3 are counted, providing an area count for that cell in that frame. This
process is repeated for each frame of each cell in a video. Since the background
subtraction occurs each frame this method is fairly robust against additive noise
in the whole image which was beneficial as I found there were visible fluctuations
in total grey level between frames. One can in principle use the size of a pixel (80
nm?) to approximate the true size of the cells, however for purposes of reporting

changes in area this was unnecessary.

Unfortunately the pixel counting method is not robust to changes in either ROI1
or ROI2 that are not simply noise-based. If a detached cell floats through either
ROI it will be incorrectly reported as an area change as the number of pixels
above threshold is artificially increased. This can be accounted for post-analysis,
but usually the method to do so is to discard the associated cell in ones data store.

Crowded cells too are very hard to study with this method, if another cell enters
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ROI1 the resulting trace must be discarded as it cannot be said whether any
effect comes from either cell. This can be partially accounted for by taking only
a portion of a cell in ROI1, but this is not ideal and often leads to confusing or
spurious traces. Additionally lowering the number of available pixels by cutting
cells in this way decreases the signal to noise ratio, obfuscating any area effects
due to phage. As such, if a particular slide has many cells that have clustered,

only a few will be analysable per FOV.

It was required then, to generate a method for sizing cells that was robust to
crowding and detached cells, and other potential changes in the FOV that were
not due to the intensity of the measured cell. An additional benefit was also
expected in that the pixel counting method was often very noisy, and developing
a new technique may offer ways to reduce this. Given my existing knowledge
and its strong capability for numerical analysis I felt it would be easier and more
valuable in the long-term to use MatLab rather than LabVIEW to develop further
methods. Since I am more proficient in the former any subsequent additions or
changes would be much easier to implement, and I could take advantage of the

large image analysis libraries that have been developed.

3.2.2 Developing a Method to Detect Edges of Single Cells

In Matlab I wrote a graphical user interface (GUI) to replace the LabVIEW sizing
program in my analysis pipeline. I decided to keep using the LabVIEW program
which selected ROIs as re-writing this in MatLab, while quite possible, would
not represent an increase in usability or adaptability that would reflect the time
spent on it. At first I replicated the pixel counting method exactly, so that I had
a sensible baseline to compare with. I then tried to simply reduce the noise by
normalising ROI1 by the average intensity of the top 10 and 100 most intense
pixels rather than just the top pixel. I had anticipated that this would be far
more robust to random noise across the ROI, however in practice it reflected a
very minor smoothing of the trace and I quickly moved on. I decided to use an
edge-finding algorithm to build a contour around a cell and count the number of
pixels found within. This method resulted in a satisfactory noise reduction and
was robust to detached cells floating through ROI1. It was also able to analyse

crowded ROIs if the cell of interest was not actually touching any other cell.

I trialled three edge-finding algorithms for analysis of my data, described in
Appendix A.1, and settled on the Canny method. I used the Canny method
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Figure 3.3 Snapshot of edge-finding analysis of a single cell. The parent image

has been interpolated by a factor of 2 to increase the number of
pizels along the long axis of the cell, thus decreasing sensitivity to
small noise fluctuations along that axis. The algorithm uses two
instances of the Canny Edge Detection method, the first generating
the threshold for the second which generates the actual binary image.
It then passes a set of structuring elements over the binary image
before dilating it, filling it, and removing excess noise around the
edges using an erosion function. This algorithm slightly reduces
noise compared to pizel-counting (approx 20% reduction) and is
more robust to other cells intruding on the ROI, however is not
capable of addressing closely packed cells.
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to find a contour around a cell, which I then filled to produce cell masks. I then
took the masks through a process of erosion and isolation. The isolation ensured
that a cell that was intersected by the border of an ROI would not be counted.
In this way I did not have to draw clean ROIs around cells to analyse them, and
thus increased my data yield from FOVs with crowded cells. While this method
was robust to changes in the cell independent of intensity, it could not reliably
measure cell size in the event of a cell dividing or a two cells lying flat next to

each other.

3.2.3 A Machine-Learning Pipeline for the Size

Measurement of Growing and Crowded Cells

The Canny method provided a significant gain over simply counting pixels,
however maintained a similar problem in that it was unable to analyse cells
that were touching. Initially this wasn’t a problem, however it became clear
that preparing slides on a bench at room temperature was taking the cells out
of exponential growth. At the time this was not ideal, and the consequences of
this are reported on in Chapter 5. The solution for this was to prepare slides in a
hot room at 37°C. This maintained the growth rates but led to another problem
in that cells that grow divide, and cells that divide tend to touch. Thus, the
percentage of cells in any given FOV that were analysable dropped significantly

even for the more sophisticated edge-finding method.

While I could have spent time coding and optimising to solve this problem, time
was growing short and we had become aware of machine learning methods that
could solve it faster if adopted. In particular, a time-lapse analysis pipeline
called DeLTA2 (Deep Learning for Time Lapse Analysis) from the Dunlop
lab caught our attention [100]. DeLTA2 is a direct improvement on their first
neural network pipeline, which was developed to quickly analyse bulk quantities
of one-dimensional mother-machine data [77]. DeL.TA2 performs the same task
but in two dimensions, with the added capability of tracking cell lineages while
outputting both cell age and cell area. Since it is capable of cleverly tracking
division and is thus inherently robust in the case of closely packed cells it

represented a very strong potential improvement over my edge-finding algorithm.

DeLTA2 is built using two instances of U-Net, a fully convolutional neural net

built in 2015 [I11]. Convolutional neural networks (CNNs) generally consist of an
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input layer, a number of hidden layers where operations take place, and an output
layer. Traditional neural networks (also known as fully connected networks) will
have a weight assigned to each neuron (node in an operation layer) that can be
adjusted in accordance with its training. Fach neuron in one operational layer
is connected to each neuron in the next layer and so forth and performs a linear

transformation on its input vector through a weights matrix.

In a CNN the operations are convolutions rather than linear operations and so
each neuron in a layer only has a few connections to the subsequent layer. Because
of this, they have a greater flexibility in training and have fewer weights per layer -
increasing performance in high dimensional inputs such as image data. Generally
a CNN will have fully connected layers that serve as an output where the input
to the traditional network is the result of any convolutional layers. The existence
of fully connected layers however puts a constraint on the dimensionality of the
input and are very parameter rich, and so moving to convolutional layers only
represents an increase in the flexibility and decrease in computational cost of the
network. The architecture of the therefore fully convolutional network (FCN)
U-Net is seen in figure [3.4]

For application to my data, DeLLTA2 needed to be trained on fluorescence
images, and so I generated approximately 150 ground-truth (i.e. human-specified)
segmentation maps using Cellpose. Cellpose is another neural net trained only
to segment images of cells and represented an easy way to quickly generate maps
from my images. The images were swept through in ImageJ as Cellpose, while
correctly classifying touching cells, would commonly allow segmentation maps to
touch, which is only useful if one retains the class information rather than just a
binary mask. I simply drew thin black lines between such merged cells to indicate
that they had divided. DeLTA2 requires these ground-truth masks alongside the
original images and a weight map which it uses to understand cells that are close
together, lines are drawn along the middle of the bacteria and where these lines
are close borders are drawn based on the cell width. In this way greater emphasis
is placed on both the pixels in the center of cells and those that lie directly in-
between cells (figure . In this way DeLLTA2 learns about the small gaps that
exist between cells that have just divided or are growing in close proximity and

accurately measure each cell in the image.

DeLlTA2 is trained using a pixelwise-weighted binary cross-entropy loss function,
as detailed in the original U-Net literature. It differs from the original training

routine in that custom weights are applied to cells, borders, and the background.
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Figure 3.4 Cartoon showing U-Net architecture. FEach blue box is a multi-
channel feature map - in the first instance the image to be analysed.
Subsequent feature maps (or activation maps) are images that
have been produced by the convolutional operations, showing the
‘activation’ of the image - higher activation occurring in regions
where a feature has been identified. The net consists of a contracting
path (left) and an expanding path (right). In the contracting path
repeated convolutions and subsequent feature pooling downsamples
the input images to gain highly efficient classification information.
In the expanding path the images are upscaled and compared with
images from the equivalent contracting step to retrieve detailed
spacial information for the acquired class information. Image taken

from [111).
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(d)

Figure 3.5 (a-c) images taken from the training data set for DeLTA2. (a) is
the raw image, (b) is the ground-truth segmentation map produced in
Cellpose, and (¢) is the weightmap which informs DeLTA2 about the
small gaps between packed cells. (d) the result of running DeLTA2
on a video, the different colours correspond to different instances of
cells segmented by the network.
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Figure 3.6 Comparison of the edge-finding method and DeLTA2 in capability
to measure cells in crowded environments. The edge finding method
in (a) tended to segment more accurately but could not distinguish
multiple and had problems with cell-cell joins. DeLTA2 in (b) was
able to accurately find individual cells but would underestimate their
size and shape. Since the feature of interest was a relative change
in size this underestimation was not a large problem, however this
contributed to high segmentation error to the final data.

The background is assigned the minimal weight, while cell centers and the borders
between cells are given higher weights. Given that the human eye will introduce
arbitrary differences in the creation of ground-truth segmentation (if done by

hand), lower weights are given to cell-border interfaces to reduce over-fitting.

DeLTA2 is pre-trained on phase-contrast images, and I found that in order for
it to understand my data I needed a minimum of four seperate training rounds
on fluorescent data. After this there still required some post-processing as there
were shortfalls with the output from DeLTA2. In the loading of Flow Cells I rely
on the sedimentation of bacteria encouraged by shear flow from syringing over
the course of about 15-20 minutes. In spite of high shear syringing many cells are
still not completely flat when imaged. DeLL'TA2 has no problem identifying them,
but in this case they are undesirable as they could move around slightly, causing
any area trace to be spurious. Since the whole images were generally quite noisy
I found methods to exclude traces that involved recognising gradients in the grey
values of the bacteria were not very robust and often included or excluded where
they should not. With time in mind I simply wrote a script to manually exclude

these problematic cells.

A comparison of the efficacy in recognition of individual cells that are lying
very close to each other can be seen in figure 3.6 One can see that DeLTA2
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has little issue in correctly identifying cells that are touching, whereas my edge-
finding algorithm is simply incapable of such. DeLLTA2 still had some trouble with
dividing cells, and would occasionally erroneously assign mothers and daughters
randomly across the FOV. With more time taken to train the lineage tracking
portion of DeLTA2 this could have been rectified. However, with time in mind
and as the number of such erroneously assigned cells in analysed cells being low

it was accounted for manually.

3.2.4 Accounting for High Segmentation Error with

Measurement Criteria

From figure it is obvious that while the cell identification part of DeLTA2
is strong, it was unable to consistently match the cell size and shape, especially
compared to my edge-finding algorithm. Quantifying the segmentation error was
done post-measurement, by examining areas of the traces which showed a plateau
in growth and were therefore a flat line (shown in figure in Chapter 5). By
taking the difference between the mean of the plateau and the raw data points
it was found that the segmentation error led to a mean-squared error of 8.8%.
Here the error is presented as a percentage of the mean of the plateau. This was
reduced in python by using the Pandas rolling average function to smooth the
trace with a window size of four data points. This way, the error was reduced to
just 2.6% without significantly reducing resolution, and any bias introduced by

this arbitrary averaging is applied evenly to all traces in all data sets.

This reduction in error was necessary due to a particular criterion for the dips
to be counted as real. Explained further in Chapters 4 and 5, there is a relaxed
volume of each bacteria which - while it can get smaller through hyperosmotic
shock - is about 90% of the cell’s initial volume. Therefore any dip that shows a
magnitude of more than 10% should not be counted. It was found that adding
the small error above to this value did not increase the number of dips found,
as the spurious dips tended to have much higher (>20%) magnitudes. A lower
bound of 5% was imposed due to the high variation in the segmentation error,
2.6% represents the most common error to see, however it could reach closer to
4.5% in particularly egregious traces, therefore the minimum bound was set so
that the window for observing dips was big enough while the lower bound should
always be above the error. Since this will undoubtedly artificially decrease the

number of dips detected, it would be beneficial for future work to reduce the
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un-averaged error as much as possible. Indeed, it should be possible to reduce it

to a relatively insignificant value through proper utilisation of the capabilities of
the U-Nets upon which DeLLTA2 is built.

While DeLLTA2 can accurately measure brightfield and fluorescence, it is pre-
trained on phase-contrast. Therefore, to run it on fluorescence images as has been
done here requires a significant period of training over a large and varied data
set. In this thesis, the model was trained to the point of being able to recognise
cells and provide a good approximation to their shape, however it would have
benefited from being taken further. Strict evaluation of pixel-wise accuracy was
not carried out in this case and should be considered by anyone continuing this

work.

Alternatively, phase-contrast could have been used to record the images rather
than fluorescence, however by the time this was a known problem, the data could
not be reproduced. Indeed, additional training could not be carried out due to

very tight time constraints at this point in the project.

The segmentation error could also be reduced by employing a marker-controlled
watershed segmentation to the images using the DelL.TA2 masks as the markers.
A watershed transformation essentially treats a monochrome image as a surface
where light pixels are ‘high’ and dark pixels are ‘low’. The markers in this case
would be the segmentation output of DeL.TA2 (or other) for the foreground and
the space between for the background. This then informs the watershed function
where the maxima and minima should be placed so it can be used to improve
the quality of the segmentation. For those interested, there is a rather good
explanation on MathWorks, where the process is demonstrated in MatLab. This
process was used in the original DeLTA program to produce the ground-truth
data training sets for the model, and could be employed to create better masks
from the output of DeLTA2.

3.3 Back Focal Plane Interferometry and its

Implementation

When 1 first arrived to the Pilizota lab the microscope that I would be using
(named ‘Mario’) to carry out my experiments was extremely busy. There was

another microscope in the room (named ‘Bowser’) that could be adapted to be

29



functionally equivalent to Mario. I therefore spent some time performing the
necessary adaptations, as this would increase lab throughput and be a useful
exercise for understanding one’s tools. Missing from Bowser was a system for back
focal plane (BFP) interferometry, used in Mario to stabilise the piezo stage and
to conduct motor speed measurements on single cells. The optics work on Bowser
was completed, however the piezo stage it had did not have the operating range of
motion (despite what is given in the technical specification) to be capable of back-
focal-plane interferometric stage stabilisation. For this reason, the experiments
I performed were carried out on Mario, which is functionally equivalent to what

Bowser would have been.

BFP interferometry is a well established method developed to measure forces
acting on a particle in the focus of an optical trap. For a bead held in a trap, or
tweezer, there will be two contributions of light exiting the trap: the light that
interacts with the bead, and the light that does not. The former will scatter in a
spherical pattern centered on the bead and interfere with the latter to create an
interference pattern. At the BFP of any lens one retrieves the reciprocal of the
front focal plane, and as such by imaging the reciprocal of the interference pattern
onto a position-sensitive detector (PSD) one may retrieve accurate positional
information of the bead. Figure shows a schematic of the result of imaging

the BFP interference pattern as the bead moves within the trap focus.

The applications Mario and Bowser are designed for do not ‘trap’ the beads
however, instead only pass on the information of the movement of the bead
within the focus. This allows the retrieval of positional information without
exertion of force on the target bead, and also without any potential harm to
biological samples from laser radiation. In order to stabilise the piezo stage
against vibrations and small perturbations for long periods of time the PSD is
linked to the stage through a feedback loop in LabVIEW. When the bead is moved
away from the focus of the laser, the movement is detected and the feedback loop

causes the stage to move the bead back to the focus.
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Figure 3.7 Cartoon showing the result of a bead moving to one side in an optical
trap. On the left is an image of the reciprocal of the objective, and
the right the reciprocal of the condenser. At xg = 0 the bead is in
the center of the trap and the interference pattern is symmetrical,
the two images are identical. If the bead mowves then there is also
a movement in the distribution of light in the reciprocal of the
condenser. Image taken from [33].

3.3.1 Microscope Adaptation

Theory and Layout

A full schematic of Bowser after implementation of the optical trap can be seen
in figure |3.8f The microscope was already capable of imaging at the desired
magnification to observe single cells, so in principle all that remained to do was
to implement an attenuated optical trap. The trapping laser beam needed to be
such that one was able to translate the focus in X and Y independently of Z within
the sample plane with relative ease (without explicit knowledge of the microscope
alignment). Additionally, the BFP of the condenser had to be imaged directly
onto a PSD located above the microscope in a tightly confined space. Thus,
as a result of implementing the trap it was necessary to re-align several other
systems in the microscope. Most notably this included the bright-field path as
the trap necessitated a much shorter working-distance condenser which changed

the requirements for Kohler illumination.

I began by planning a layout of optics that would fit around the existing

equipment on the optical table. A ray diagram of this layout is seen in figure
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Schematic diagram of the entire microscope. The Trap Source and
Position Sensing portions are those I was directly responsible for
adding, and I have modified the bright-field for Kohler illumination
with the new high NA condenser. The Fluorescence and Imaging
portions were in place prior to my arrival. Yellow lines represent the
bright-field path, blue lines the fluorescence path, and red lines the
848nm trapping laser used for interferometry. The dashed red line
is the He-Ne laser used for a Nikon Perfect Focus system previously
stabilising the stage in Z only. The solid black and dashed circles
represent conjugate planes, where solid circles are convergences and
dashed circles are image planes. The dotted lines on the 848 beam
path hide a beam height-correcting Z walk.
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Figure 3.9 Schematic of plan to implement trap laser. L1 and L2 are separated
by the sum of their focal lengths, forming the Keplarian telescope
portion. L1 is capable of translating in the plane orthogonal to Path
A. D1 and D2 are dichroics allowing the insertion of the laser path
into the system without disrupting existing paths.

M1 and M2 form a Z-walk that I found was necessary due to a height
difference in the laser mount and a mirror under the objective which was difficult
to access. The Keplarian telescope portion formed by lenses L1 and L2 fulfills a
dual purpose in 1) spreading the laser beam by a factor of % to completely fill
the back aperture of the objective; and 2) allowing translation of the laser focus
in the sample plane by moving L1 within its plane. In order for this to happen
without movements of the lens becoming coupled to changes in the Z position
of the laser focus Path A (from L2 to the objective) needs to be such that the

telescope’s image is in the BFP of the objective.

In general in a two-lens system where light enters lens 1 and leaves lens 2 (figure
3.11)), changes in angle of the incident light at a distance x from A are replicated
at a distance y from B. To define this distance y I begin with the thin lens

63



@i -
g

- e
- >
Objective
——cane g v s T
i

(b)

Figure 3.10 Optical paths above (a) and below (b) the objective. (a) light from
the 848 mm laser is collected by L3 and L4 such that the BFP is
imaged onto the PSD. This allows the stage to be stabilised in XYZ.
(b) L1 and L2 form the Keplarian telescope, L1 is on a translation
stage that allows movement of the trap in the sample plane. The
He-Ne laser (beige, dashed) is reflected off the bottom of the slide
and into a PSD allowing stabilisation in Z only. The 848nm and
He-Ne lasers do not operate at the same time.
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equations for both lenses,

L_1 1111 51)
J1 Sol Si1 ’ fa S02 Si2’ .
where f; and f5 are the focal lengths of each lens and s,; and sgo and s;; and s;o

are the respective object and image distances for each lens.

Here the object of lens 1 (at s,) is the point of angle change. These will be
reproduced as linear movements at a distance s;; from the lens. Since it is desired
to replicate the changes in angle at a distance s;5 from lens 2, the second lens
must use this point that lies s;; from lens 1 as its object. Defining s, = d — sj1

where d = f; + f5 is the separation between the lenses, one retrieves for s;o

1 1 1

- , 3.2
Si2 fo d—sa (3.2)
where ;
1501
s = ——2 3.3
! So1 — fl ( )
With a little bit of rearranging, Equation (3.2) becomes
1 d-fo- B
o B (3.4
i2 f2 o So1—f1
Re-defining s;5 and s,; as y and x respectively one finds for y
fod — J;z_xﬁ
y= - (3.5)
- fo— o

Re-inserting d = f; + fo this becomes

_ f5x—fi) = fihi
v= fl(ff—fl)—fﬂ’ (3‘6)

which becomes

v=r-(2) -, 1)

which holds true if one uses a mirror at distance x from the first lens. However
one can simplify this if one chooses to instead translate the first lens instead of

using a mirror then d = s,3 = f; + fo and the expression for y becomes

yzﬁ%+ﬁ%ﬂM, (3.8)
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Figure 3.11 Cartoon showing the replication of angle change in a beam path at a
location further down that path in a two-lens system. (a) rotations
at a are replicated at ¢ in this system of lenses. (b) the same
replication can be obtained by moving lens 1 rather than rotating
the incoming beam. (b) is experimentally more favourable as a

lens in a translation stage is simple to operate and requires fewer

components and bench space than if a mirror was used.

66



where M is the magnification of the telescope which was previously set for beam
expansion. In this case Path A was found to be 750 mm. Path B is similar but
simpler, as the L3 and L4 telescope only needs to be such that the condenser
BFP is f3 from L3 and the PSD is f; from 1.4 where L3 to L4 is f5 + f; .

Re-aligning the lllumination Path

In order for the BFP. interferometry system to function both the objective and
condenser need to be low working-distance and high NA. Implementing the
laser path thus meant exchanging the existing low NA, high working-distance
condenser lens for a new one. While bright-field imaging was not a priority for
me, I was not the sole-user of the microscope and so re-aligned it according to the
principle of Kéhler Ilumination[63]. The purpose of such is to avoid an image
of the light source (in this case a white LED) of one’s microscope in the sample
plane by ensuring that this light is collimated. Thus, the image of the LED
is de-focused in the sample plane and its conjugates and one achieves uniform
lighting across the sample. This is achieved with the presence of an additional
collector lens placed before the condenser such that the BFP of the collector is
conjugate with the sample plane. A field stop aperture is placed at this point
in the collector’s BFP such that when the aperture is closed it is visible and in

focus when the condenser lens is in the correct position.

In practice, space was somewhat limited and the presence of pre-existing
microscope parts meant the collector lens could not be placed in its ideal position.
Therefore 1 achieved Kohler illumination with a Keplarian telescope as the
collector with the field stop aperture placed between the lenses at a distance of f
from each. Since the aperture plane is conjugate with the BFP of the telescope
itself, it fulfills the condition for Kohler illumination. The advantage of using a
telescope is that one is able to magnify the LED path to overfill the condenser and
ensure proper uniform illumination, despite the added space cost of an additional
lens. The distance that the second lens should be from the condenser is then

given by (6).

Nikon Perfect Focus

Another system that was in place when I arrived was a Perfect Focus system

using a helium-neon laser (HeNe) to stabilise the stage in Z. I could not use this
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for my fluorescence experiments as it had no X-Y stabilisation, however I had to
move some mirrors and thus spent some time re-aligning this system too. The
principle behind the Nikon Perfect Focus system is that a laser incident into the
objective reflects off the base of the microscope slide back into the objective and
then sent to a PSD. By implementing a feedback loop based on the voltages
reported by the PSD one may keep the stage stable in Z. In practice we use
an attenuated HeNe laser for this as they are relatively inexpensive and the red
light is unlikely to cause photo-damage with any evanescent field created as it is
reflected off the bottom of the sample. A half-mirror takes the light exiting the
objective to the PSD. The Perfect Focus system cannot be used alongside the
trap (it is also unnecessary to do so), and so a mirror on a pop-up mount was

used to differentiate the two paths.

3.4 Discussion and Concluding Remarks

The majority of time spent during my program was in the development of the
above protocols and analysis methods. There is some discussion already on the
measurement, protocol in Section 3.1.1, to produce videos of single cells during
phage infection, but in general there are several areas for improvement. Possibly
the most obvious and easy to improve is the low-throughput nature of the cell
imaging protocol. Each experiment produces only a single video, and since each
video contains a number of cells (sometimes large, sometimes small) that cannot
be analysed. Therefore, a better protocol would use only a Z-stabilised system
(e.g. Bowser’s Perfect Focus) to take many different FOVs at once, as Mario was
inherently limited to a single FOV per experiment due to only having the option
of simultaneous XYZ stabilisation. This was the initial motivation for adapting
Bowser, alongside the additional proton-motive force measurements that a trap
that is not being used for stabilisation could provide. However, this adaptation
work was not completed due to at-the-time un-resolvable translation stage issues,
and so the protocol had to remain low-throughput. As it stands, I obtained
images from 5 different FOVs for the Heat Shock set and 7 FOVs from the No
Shock set. This corresponded to 26.7£1.7 analysable cells per FOV for the No
Shock set and 21.2+1.3 cells per FOV for the Heat Shock set. One area that
this protocol can improve in is to increase this number, largely by improving cell
adhesion as only cells that were lying perfectly flat could be analysed. The source

of the difference between data sets is unknown, however could be due to some

68



un-determined temperature effect interfering with adhesion.

Analytically, the methods that were used were changed and adapted as and
when it was necessary to do so. Previous work in the lab had been done using
the Pixel Counting method (Section 3.2.1) which had been sufficient for those
experiments. The key difference between the work presented in this thesis and
the work analysed via pixel counting is timing. Osmotic shock can be induced in
a matter of seconds, and the recovery measured over the next minutes - the cell
does not divide or even grow during this time as its growth is interrupted by the
shock. Introducing phage to a growing population of cells and waiting for them
to be infected allows the cells to grow and subsequently either divide or elongate

into each other.

An ideal scenario would have been planning for the worst and beginning with
the most effective method - using DeLTA2 (Section 3.2.3). However, things are
rarely so obvious in the thick of it and so various methods were developed and
trialed before the machine-learning method was found. The high segmentation
errors presented in this thesis are very much the result of the subsequent lack
of time for training the model, and indeed exploring other models or functions

within the same model.

Given that the analysis pipeline using DeLLTA2 or other suitable machine-learning
system allows for fast analysis of the data, a clear route to improving this protocol
for further study is to increase the number of data points from each experiment.
Using a perfect focus Z-stabilisation system as in Bowser would be ideal, such
that many videos can be taken from one slide. Then, improvements to the
segmentation accuracy of the analysis would allow greater insight into the true

statistics of the volume dips.

In conclusion, the sum total of the methods development is an experimental
protocol and a computational pipeline that was able to, with a mean error
of approximately 2.6%, measure the area of single E. coli cells adsorbed to a
microscope slide during phage infection. Much work was done to overcome several
challenges as they appeared, and there is much more work that can be done to
optimize this process. Additionally, work was carried out to adapt a microscope
that was unfortunately not able to be completed due to unresolved hardware

issues.
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Chapter 4

A Mathematical Model of Volume
and Solute Loss Driven by Pressure

Collapse

As outlined in Section 1.4, a healthy E. coli cell maintains turgor pressure in
order to grow. The balance of osmotic pressure bringing water in and hydrostatic
pressure stretching the membrane keeps the cell inflated according to the Laplace
pressure [I35]. The consequence of a phage boring a hole into the cell wall will be
to disrupt this balance, and the result can be modeled by a relatively simple set
of equations. I begin by presenting a simple mathematical model adapted from
Buda et al [14] which predicts loss of intracellular volume and solutes as a result
of a hypo-osmotic shock (environmental osmolarity is reduced). Hypo-osmotic (or
down) shock causes the cell to swell as the osmotic gradient acting into the cell is
steepened and water flux into the cell dramatically increases. Mechanosensitive
channels will open as the membrane is stretched by the swelling allowing solutes
and water to escape to equilibrate the osmotic pressure. Since a large volume of
water entered the cell some will remain when the osmotic pressure equilibrates
and thus there is still an imbalance of pressures driving water out driven by the
Laplace pressure. The cell then shrinks below V; and must recoup some lost
solutes to once again balance the osmotic pressure, slowly drawing water back

into the cell and recovering volume to V4.

In the case of phage infection the process is similar, a hole is opened in the

membrane that is assumed to be permeable to water and solutes. The cell should
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not initially increase its volume; and should shrink and recover in the same way
as above as the cytoplasm is still at a higher osmolarity than the environment. I
present an adapted version of the foundational model by Buda et al which recovers
this result as well as providing insight into the link between hole duration and

the magnitude of volume dip.

4.1 The Foundational Model - Volume and Solute
Changes During Hypo-osmotic Shock

The pressure/solute model developed by Buda et al assumes that an E. coli cell is
an elastic spherocylindrical shell containing a concentration of solutes such that

the internal osmotic pressure,
II = —¢(c; — c.)RT, (4.1)

is initially at 1 atmosphere (based on experimental values that range from 0.3
atm [25] to 3 atm [16]). Here ¢ is the osmotic coefficient which is set to 1 as the
intracellular solution is near ideal. The terms c¢;,c., R and T are intracellular
and extracellular solute concentration, ideal gas constant, and temperature
respectively. As described in Section 1.4, the osmotic pressure acts to draw water
into the cell which strains the elastic membrane. From the Laplace pressure,

acting across a curved surface, one retrieves for the cell-wall tension
o=P-r, (4.2)

where P is the pressure acting on the cell wall and r is the radius of the cylinder.
The model only takes into account the elasticity of the cell wall as it is assumed

to be much greater compared to that of the membrane.

Water will flow across the membrane according to the difference in the osmotic
and hydrostatic pressures. The flux density across the membrane j [mol.m?.s7!]

is thus given by
. K(-1I-P)
J= A

where K [mol.Pa’t.s!] is an ‘effective conductivity’ coefficient of proportionality

(4.3)

and A. is the superficial area of the cell available for water transit. A, is kept

constant as it is assumed that water flows mainly through porins and that the
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total number of porins is constant. For simplicity it is assumed that there is no
incompressible volume in the cell, and so volume becomes analogous to water

content. The change in volume V' over time ¢ can be written as

av

where V,,, is the molar volume of water. A. turns out to be largely irrelevant
even in the phage consideration as phage infection does not alter the number of

existing aquaporins.

In order to fully expand this equation the mechanical pressure must be derived.
It has been shown by Deng et al that the cell envelope (assumed to be dominated

by the cell wall) elasticity in E. coli can be expressed as

E-E (ﬁo)v, (4.5)

where Ey and F, are the cell wall elasticity and hydrostatic pressure in mechanical
equilibrium[25]. The exponent v was found to be 1.22, however in the model is
set to 1 for simplicity. Since the elasticity of a cell wall of thickness [ can be

linked to the stress by the differential form of Young’s Modulus

_ Stress  do/l

= = 4.
Strain  dr/r’ (4.6)
it follows that
Eol dr dP
—_— . —— T —_ . 4-
PO 7’2 P ( 7)

Rearranging and integrating equation 4.7 with respect to the change from F, and

ro to P and r gives the expression

Eql —
50 —eTo o (4.8)

Although the pressure here assumes an infinite cylinder, the volume in the

foundational model is approximated to a spherocylinder which has the expression

1
V= BOWS’ (4.9)
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which when rearranged for r gives

r= (mv) (4.10)

?W

Combining this with equation 4.8 and noting that similar expressions exist for Vj

and rg one retrieves

1
3

=l

1
3 /10 M.VB?V
o 37T P) 1
; =€ oV s (411)
0

ol

which expands into

=

PV
Py - Vy?

In initial conditions the system is in mechanical equilibrium and thus the osmotic

-
3/10_Egl V3 Vg
3 TR,
(&

i1
VovE (4.12)

1=

pressure and the hydrostatic pressure are equal. This gives for P

PO = (b . ACORT, (413)

where Acy = ¢;0 — ¢ is the difference in intracellular and extracellular solute
concentration that leads to an equilibrium pressure Py of 1 atm (approximately
equal to the real turgor pressure of E. coli). Following from Equations (4.12) and

(4.13) we obtain for P the expression

1
3 /10 Egl Vd*VO 1

Il V
P=e¢ Yo' V3 . AcoRT

3
1

(4.14)

3
With now an expression for the hydrostatic pressure one may write equation 4.4

explicitly as

dv VP e
. <0 I 1
E = VmKRT (% - Ce) — € V03V3 : ACO}%T‘

Equation 4.15 explicitly models volume change as a function of the difference in

1
3
Vo

E
3

(4.15)

solute concentration across the membrane, a process mediated by the opening of
MSCs as stated above. The efflux of solutes through MSCs is the sum of two
components, one proportional to mechanical pressure P and one diffusive. One

can therefore write directly
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L= AV K - (=P) - T = AjLS, (4.16)

where n; is the number of intracellular solute molecules, and j, is the diffusion

flux of solute molecules per surface area S. S and js are defined as

Ci — Ce

js:Ds'

: (4.17)
Im

where Dy is the diffusion coefficient of solutes across a membrane of thickness [,
and
S = NMSC s ANSCO, (418)

where Ny sc is the total number of MSCs, each with an area of aj;50. Combining

equations 4.16, 4.17, and 4.18 one retrieves

J 3 /To__ BEgl V%_Vo% 1
nz n’i 3 7 AcgRT % 1 ‘/03
— A K L. vVova3 . A Ti
dt Vil - 17 -e ' oRTTT (4.19)
— AD,Nyscanse - L— Ce,
Las

where A is a constant denoting the ‘openness’ of the membrane to solutes and is

positive while the MSCs are open and zero when they are closed.

Additional to this is the matter of the active transport of solutes into the cell,
a process that is generally always occurring to some degree in growing bacteria.
In the foundational model this active transport is assumed to ‘switch on’ once
the volume dips below a threshold value V4 and has a rate proportional to the
difference between V and V4. Thus the flux of solutes from active transport is

written

d?’LAT < Vv )
— Kap-(1— 4.20
dt AT VarVo /)’ (4.20)

where K 47 is a constant of proportionality that is computationally fitted. Vur
is assumed to be 0.99V,. The summation of equations 4.19 and 4.20 was used to
generate the fit seen in figure [4.1]

4.2 Adaptations of the Model for Phage Infection

The situation of phage infection differs from that of hypo-osmotic shock in that

the external solute concentration is not changed. In principle this does not require
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Figure 4.1 The active response of cells to hypo-osmotic shock. (A) The black
line is the average volume vs time for 36 wild-type strains exposed
to osmotic downshock. (B, left) A representative volume trace from
a single cell (black), with a fit (blue) produced by Equation 4.19.
(Right) The fit performed with the active component in Equation
4.20 included. Image taken from [17).

any particular change to the equations themselves. One can simply open a hole
by explicitly setting A to be positive in equation 4.19 and reducing the area to
match that of a single phage hole rather than a host of MSCs. Rather than the

diffusive term in equation 4.19,

dni i Co
= —AD,Nysca . , 4.21
dt aifs MSCOMSC It ( )
one would write y .
n; v —Co
=—AS,D, -V 4.22
dt dgiff L (4.22)

where S, is the surface area of the phage hole and D, is the diffusion coefficient of
solutes through that hole. In the first instance of this model D, is assumed to be
equal to Dy, and it is assumed that the number of phage infecting the cell is 1. The
original model collapses several terms into a fitted parameter a = W
which is computationally fitted as 0.74632. From this, Dy (and therefore D,) can

be estimated to be 3.2 x 10~* nm?2.s7L.

The original model had a simple rate process where import is governed by a
rate constant. The active pumping is dependant on V' and only turns on when
V' < Vur where Vyup is the associated threshold for active transport and is set
at 0.99V,. However, in a real cell the transport of solute is mediated by the
balance of leakage and import, a detail that is omitted by the foundation model
and as such the active import is one of its more made-up parts. As such, a more

complete version of equation 4.19 used in the phage-adapted model is
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1 1
34/03 1

dn. n; 3 "AcoRT' 1 V.3
C=—AVLK - — - %oV AcgRT -2
dt v ' T (4.23)
IS ni
— AVDP . Vl “ + Import — Leakage.
M

E. coli has a few ways of importing nutrients, the most important of which are the
ATP driven pumps (the transcripts for which make up 5% of the genome)[94].
From a different model presented by Terradot et al [129], wherein the proton-
motive force is linked to the regulation of cytoplasmic pH, one retrieves for solute

transport through membrane channels
Import = j (1 — e_ﬂ%AG”i), (4.24)

where AG,,, is the electrochemical potential of a solute n;:

AG,, = 2, AT + };Tznz. (4.25)
The term z,, is the solutes valency (assumed +1), AW is the membrane potential,
F is the Faraday constant, and j* is a function of the transport kinetics. In
this model I consider only non-charged solutes that travel through ATP driven
pumps. I therefore assume that AG,, is very large as exponentially growing cells
have a wealth of intracellular ATP and it should not be immediately depleted

. . _E AG
on phage infection, so that e »%

" << 1 and Import — j,. In this way it is
assumed that when a solute contacts a channel it will pass through in a single
step with a probability of 1. Importantly, if the growth of the cell is interrupted
this assumption may no longer be true and this model will need to be adapted to
account for AG,,;. The function j, is dependent on the kinetics of import which

is assumed to be a single step process. Assuming that I'mport must balance

Leakage, one may retrieve a function for j, when d(z; =0.

Assuming that the leakage is driven by the osmotic gradient, one can write
dn;
ot
importantly the ‘diffusive coefficient’ D,,; is not a truly diffusive term as the

it similarly to the previously defined diffusive component of However,

Leakage term includes all solute transport out of the cell. It is sufficient for
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simplicity however, and the cell’s natural eflux of solutes can be written as

ny;

Leakage = —SDni(V —Ce), (4.26)

where D, is the diffusion coefficient (more accurately a ‘leakage coefficient’) over

the surface of the cell S. When a hole is closed, i.e. A =0, the d;;i expression is

comprised only of import and leakage and so

=7 SD,; Y- 4.27
dt J+ It ( )
Which when there is no overall transport of ions (i.e. II = IIj) becomes,
n; __ Ce
I

The numerator in equation 4.28 is equivalent to %, and so the expression may

be simplified to

= IT = . 4.29
T WMRT i, IuRT (4.29)
Thus the whole form of d;ti when A =0 is
dn; SD,;
2 = (T, — 11 4.
= (T, — ) (4.30)
which can be rearranged as
= 1—— 4.31
dt Iy RT < H0> ’ ( )

and the active component of ion transport is therefore proportional to the
difference in osmotic pressures rather than explicitly dependant on the volume.
This is the biggest assumption of the model, and is true only if the active transport
of solutes balances a leakage to recover the osmotic pressure back to II;. The

complete form of equation 4.23, substituting L = li IDI%, is therefore:

J 3 /0 _ Eq! ,V%_Vo% 1
ni ni 3 " AcgRT % 1 03
=— AV, K- — - o V? L AcoRT T
dt v e ’ e (4.32)
S ) 11
—A=D, - Y LIIH(1 — —).
y e LA =)
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As shown in figure the base model for hypo-osmotic shock is adequate for
describing experimentally observed behaviour as the opening of MSCs is regulated
by the volume of the cell. However, it has been found experimentally that an F.
coli cell cannot lose more than 10% of its volume due to structure retention in
a de-pressurized cell wall [105]. While the foundational model does not recover
this result, the phage adapted model does. However, this was achieved by fitting
L such that the volume during the hole open phase does not drop below 0.9V}.
All parts of L are approximately known apart from D,;, which after fitting was
determined to be 2.88 x 1072 m2%.s!, about 5 orders of magnitude smaller than
the diffusion coefficient for an open hole in the membrane. As above, D,; is
not technically a true diffusion term, rather it accounts for the loss of ions from
general cell processes and therefore should be expected to be much lower than D;.
The stop at 0.9V is not obtained through any definite mathematical rule, rather
it was imposed as a condition on the model to fit L. In future iterations of the
model it would be better to consider V4 in terms of P, and Ey where the volume
does not decrease too much due to a ‘relaxed volume’ in the cell, rather than

because the import speeds up or slows down depending on the osmotic pressure.

The shaded part of figure indicates magnitudes of dips that could be resolved
during analysis of the traces. This means that any dip where the minimum
volume V,,,;,, did not reach 0.95 would not have been recognised. Any dip where
Vinin 1s less than 0.95 is then assigned a duration assuming that the minimum
change in normalised volume resolvable is about 0.01. A clearer illustration of
this is in figure [4.3] where the relationships between V,,;, and hole duration and

dip length are shown.

4.3 Discussion and Concluding Remarks

This model was original developed to describe hypo-osmotic shock, wherein the
cell loses volume due to mechanosensitive channels in the membrane opening as
it comes under tension from water influx. In the case of a single phage infection,
as is assumed, a single hole is made in the membrane for DNA to be trans-located
into the cell. The origin of volume loss is therefore similar, however has a few key
differences. Namely, the number and distribution of mechanosensitive channels is
greater and wider than a single phage hole. M(GG1655 has been measured to have
around 400-1000 MSCs per cell depending on growth phase [10]. These channels

are distributed all over the membrane and so simply reducing the value of N may
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Figure 4.2 The model predicts that as a hole opens in the membrane the (a)
volume and (b) ¢; values will drop sharply before recovering. The
shaded area marks the bounds of the dip magnitude criteria applied
(> 5%, < 10%, as in Section 3.2.4) in my analysis. The amount
of both solute and volume lost is proportional to the duration of
the open hole. The concentration of intracellular solute c; does not
drop much at all (< 1%) which mirrors some experimental data
which demonstrates a lack of decrease in tonic ¢; during T'7 infection,
however as the adaptations do not take into account specific phage
type this is likely a coincidence. Experiments monitoring the size
of a bacterium should see a decrease in the size of the cell. The
criteria for hole measurement had a cutoff at 5%, i.e. dips of a lower
magnitude were not counted. This model predicts that holes may only
cause measurable dips if they are open for more than approximately
8 mins, and between 3 and 10 mins the distribution of dip durations
should be fairly wide.
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Figure 4.3 (a) the range of Vy,in for the hole durations seen in figure
the black hashed line showing the cut-off for observable dips. The
intersection of the data curve and this line marks the minimum
duration then for a hole to be open for the dip to be observable by
my analysis. (b) the lengths of the dips that have minimum volumes
Vinin for the dips shown in figure [[.3, the black hashed line again
showing the minimum volume for observable dips. The intersection
of the data curve and this line is thus the hypothetical shortest dip
that would be resolvable by my analysis. While the numbers involved
are likely inaccurate (I do not see many dips stretching beyond the 8
minute mark, but this suggests anything below 10 should be invisible),
the proportionality between dip length and dip magnitude may be
equivalent to reality. Given the disparity between measurement and
prediction it seems sensible to conclude there may be a faster or
functionally different recovery of volume and fitting to experimental

data may improve this.
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not be sufficient to account for this difference. It may be indeed that the hole
created by the phage that is permeable to ions is quite a bit larger than the hole
created for DNA transport - which in T7 is very well defined as it is formed of a

large protein complex.

As previously mentioned, it is not necessarily believable that the timescales this
model reports are realistic. As above, the numerical scaling is done relatively
naively so one may reasonably expect the absolute numbers to be off. Indeed,
it appears as if there should be no measurable dips shorter than 700 s, however
in Chapter 5 we find the average duration to be just over 300 s. However, an
argument can be made that the dynamics of volume loss should be similar if
phage infection mirrors osmotic shock in that solutes may exit the cell cause an
overall loss of volume. Therefore one might expect the function of the volume to
be accurate with a high scaling error. If this is true then the model shows that
the volume loss is proportional to the duration of the hole, with the limitation
of not allowing more than 10% of volume loss being recovered. Given that any
analysis method will produce some noise, this model also predicts that for any
experiment there is a minimum hole duration for the volume loss to be detectable
should the distribution of hole-durations be sufficiently wide. In my experiments
there was an approximate 5% signal noise, meaning any change in volume that
was less than 5% could not be separated from noise. In Chapter 5 I apply this
noise to both a shallow exponential control and to the above traces produced by
the model to show that this predicts an uncertainty proportional to experimental

conditions.

On the topic of timescales and T7, and there is more discussion Chapter 5,
it is important to recall from Section 1.3.2 that T7 DNA is transcribed into
the cell. At 30°C this should take about 10 minutes in total at a rate of 47
bp.s?t, however rates vary quite dramatically with temperature. At 37°C the
rate increases to about 60 bp.s!, and at 20°C the rate decreases down to only 10
bp.st [60]. This wide variation means that if volume loss is mediated by the DNA
channel only, one would expect a large difference in dip length between different
environmental temperatures and almost no difference between experiments where

the temperature is the same.

This model does not involve any particular mechanisms regarding hole opening
and closing. It only assumes that there is a hole formed and that this hole is
permeable to solutes. How the hole forms, and indeed how it closes, are unknowns

that cannot be known from the results in this thesis. What can be said however
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is that, given the functional dependence of the two, the dip duration is unlikely
to be smaller than the hole duration, which is realistic given that this would
involve incredibly heavy ion pumping from the cell. It is far more reasonable to
think that the hole is closed which allows recovery via normal ion pumping, as is
assumed in the model. Therefore, this model should provide a reasonable start
to the process of numerically understanding the process it describes. Another
reasonable increase in utility of this model would be to implement a simulation
of the effect of cold shock. Since the biological effect of a longer hole duration is
already presented, one could instead look at changing the value of permeability
to solutes as this may represent the affect that different temperatures have on

the membrane of the cell.

In conclusion, this shows that if the number and size of mechanosensitive channels
in a model E. coli cell are reduced to account for a single phage-made hole, the
dynamics of volume loss and solute transport are conserved. Therefore, one may
expect to observe losses in volume from observing single bacterial cells under a
microscope when phage are introduced. It also shows that there is a minimum
observable volume loss, which means that any observed stochasticity likely arises

from a distribution of hole durations.
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Chapter 5

Mechanical Observation of Phage

Infection of Single E. coli Cells

5.1 Phage Infection is Marked by a Drop in Cell

Volume

In Chapter 4 it is presented that the volume of a cell infected by a single phage

should decrease in a way that is proportional to the open duration of a hole

or pore formed by that phage. I present here that from observations of single
K12 E. coli cells in RDMG that there is a volume loss of 5%-10% total volume
that is assumed to correlate with the infection by phage T7. There are two data

No Shock Set

Cold Shock Set

No Shock Control

Cold Shock Control

Niotal 170 102 101 64
Naips 67 64 12 3
Dip Probability 39+4% 62 %E7% 17%+4% 8%+4%
Dip Length (min) | 3.42%0.31 7.69+1.23 460+2.7 5.27+1.31

Table 5.1

Table of results from measuring 272 cells in total across two data

sets differentiated by No Shock and Cold shock where Ny is the
total number of cells in that data set and Ng;ps is the number of cells
which exhibited a drop in volume. Cells in the Cold Shock set were
at room temperature (19°-20°C) for 20-30 mins, while cells in the
No Shock set were kept at 37°C' from incubator to microscope. Dip
magnitude is not included here as it was on average approrimately

equal between all sets.

cells in non-control conditions were infected.

Control sets were not given phage, and all
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Figure 5.1 Graphical Representation of Table with the addition of a
comparison between the lysis times (i.e. infected-cell lifetime)
between the two data sets. There is a large difference between the two
dip probabilities, and a much lesser difference between lysis times.
QOwerall the Cold Shock set grew slightly slower, so one may expect
the cells to take slightly longer to lyse. Due to the closeness of the
lysis times between the two sets it is not obvious that this difference
should be the sole cause of the disparity in dip probability, but it may
be a factor as discussed in Section 5.2.2.

sets presented as, recalling to Section 3.1.1., there was a difference in experiment
preparation temperatures, leading to the two data sets Cold Shock and No Shock.
Table [5.1]| shows overall results from a study of 286 phage-infected cells, wherein
Dip Probability refers to the chance to see a dip of average Dip Length in the
associated data set. The Cold Shock set contained 1.6 times the number of volume
dips than the No Shock set, and on average those dips were 2.3 times longer. A
“bulk” comparison of dip probability and lysis time can be seen in figure [5.1] and

representative cell area traces can be seen in figure [5.2]

The controls follow the opposite pattern to the phage experiments in that the
higher percentage of dips is in the No Shock control set and in the Cold Shock
phage set. In both cases the control dips are significantly less frequent, and their

presence is likely due to sources of noise in the analysis constructively interfering.

As the Cold Shock cells were resting at room temperature for a short time, their

steady-state growth was interrupted. Cells in this set exhibited lower-on-average
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Representitive traces from (a) set Cold Shock, (b) set No Shock,
and (¢) the control set. Raw data points are in blue, while the red
line signifies a rolling average taken over four data points. Here the
Y-axis shows degree of change in area rather than raw pizel count,
this was a choice to improve readability in the graph, it does not
scale the trace in Y. Highlighted in (a) and (b) are the area dips,
and one can see the growth of the cells in the phage sets plateauing
some time after infection - this is particularly obvious in (b). Phage
traces that do not show dips are still highly likely to present these
growth plateaus. The control trace shows the typical growth - division
- growth cycle of an unperturbed bacterium following a doubling time
of approzimately 35 min, slower than expected for EK03 growing at
37°C. In all traces there is a gap at 5 minutes where imaging stopped
to allow syringes to be swapped. Prior to this gap there is no phage
present in any condition. Additionally the first 15 minutes of each
trace had a higher time resolution, this was to improve the chances
of seeing shorter dips as we believed dips may occur more frequently
within 10 minutes of phage addition.
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Figure 5.3 The time-evolution of cell growth rate for the (a) No Shock set
and (b) Cold Shock set. The rates were calculated from a single
exponential fit to data points in windows of five minutes along each
cell area trace. The horizontal line marks the normal exponential
growth rate of EK03 E. coli cells in bulk. The cells that have been
left at room temperature report lower-on-average growth rates at the
beginning of the infection. In both cases the growth rate tends to
zero as the cellular growth plateaus as a result of the infecting phage.
Negative growth rates are a combination of the consequence of fitting
noisy data and the volume dips which occurred on average at (a)
minute 13 and (b) minute 15.

growth rates prior to phage addition than their No Shock counterparts (figure
. Additionally, the No Shock cells exhibited a greater number of divisions
with 25% compared to only 8% in the Cold Shock set, further highlighting the
interrupted growth cycle. In the Cold Shock set approximately 6.7% of dips were
seen in dividing cells and in the No Shock set approximately 29.9% of dips were in
dividers. Since these are both similar to the raw division numbers there does not
appear to be any particular correlation between number of dips and division. Cells
that divided in this case were considered only as a mother-to-daughter cell. Ideally
the two daughters would be treated as two new cells, however inadequate division
tracking from DelLTA2 meant one daughter was almost always lost. Therefore the
daughter that remained would be chosen to continue the trace of the mother. In
both data sets the division events took place on average before the dips, which
one might expect given what we know of the interference with cell growth by
T7. Additionally, between the two data sets there was no significant difference
between the mean times between dip occurrence and cell lysis, with the Cold
Shock set showing approximately 42.9+1.6 minutes and the No Shock set showing

approximately 40+2.4 minutes between volume dip and cell death.

Another marker of phage infection observed in both sets is the plateauing of
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growth (visible in figure some time after infection. This is observed in 95.4%
of all cells, and has approximately the same likelihood to be observed between
both sets of data. T7 (and phages in the lytic cycle in general) will completely
disable the synthesis of host proteins. The lack of difference between plateauing
in both sets indicates a stoppage of new biosynthesis regardless of initial growth

rates.

It is assumed that the plateaus are due to the phage shutting down cellular
processes and halting growth of the cell. However, while all cells that were

analysed did lyse, only around 55% of cells showed the plateau before lysing.

5.1.1 A Note on the Criteria of Measurement

In Section 3.2.4 and Chapter 4, figure [£.2] the criteria of measurement of a dip
is referenced to be a magnitude loss of between 5% and 10% of it’s volume. The
lower bound of this was chosen to be high enough over the segmentation error
so that the dips would not be measured spuriously. While it is true that E. coli
can lose up to 60% of its volume without plasmolysis in the case of hyperosmotic
shock [104], in this case the cells are not being shocked externally. Instead they
are losing water and solute much like in the case of hypoosmotic shock (once
the MSCs have opened) and as such have a ‘relaxed volume’ that is not less
than 10% of their initial volume [I4]. Future improvements to the collection and
processing of data, including the avenues of optimization presented in this thesis,
would help to widen this measurement window and provide better insight on the

phenomenon of phage-induced volume loss.

5.2 Discussion On the Origin and Measurement
Probability of Observed Volume Dips

The loss of volume of a cell in response to phage infection is most likely to be due
to the collapse of turgor pressure as water is allowed to escape through the hole.
It is beneficial for neither phage nor bacterium for the hole to remain open as in
these cases the cell will die. It has been reported that T7 uses a valve comprised
of the 10 protein to shut the gp8 tail portal[22]. This valve can open and close,
mediating the passage of DNA into the cell and after completion the channel
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is left in the closed conformation. The complete genome takes approximately
10 minutes which should lead to the cell becoming completely depressurized.

Recalling from equation (4.4), the change in volume per time varies as

av
o~ (=11 —P), (5.1)
and so if a hole is open and permeable to solutes, the volume will decrease. But
if a hole is impermeable to solutes only P is affected. One expects in this case
to see a brief, very small, eflux of water followed by almost immediate recovery
as the internal IT is increased (smaller volume, larger internal concentration) to
encourage fast flow of water back into the cell. In this solute-impermeable scenario
the phage hole essentially becomes another aquaporin, and so even if the hole is
open for a long time it is largely irrelevant to the cell as water flux is passive and
mediated by solute content/transport. Assuming that the dip is longer than the
time that the hole is open for, and noting that the T7 injection time is longer
than the measured dip lengths, the hole created by the phage must at some point

become impermeable to solutes.

This apparent change in permeability implies there is something fundamentally
different between the two data sets I present. Over all infected cells there was
a 48%+4% chance of observing a dip, and the likelihood of observing a dip was
significantly different between the No Shock and Cold Shock sets. In the control
traces there was a (combined) 9%=42% chance of observing a dip, which implies
either that there is some natural process which can cause random drops in volume,

or the more likely case that the dips in the controls are due to noise only.

5.2.1 The Effect of Noise on Dip Detection

Control Traces

I first assume that there is no time-correlation in the noise found in the cell area
traces as the dominant form of noise is segmentation error from DeLLTA2. There
were traces that demonstrated time-dependent noise which upon review of the
videos was generally due to cells moving in the field of view. As such, traces that
showed this variant of noise were discarded as if a cell moves or lifts from the

slide slightly there is no longer certainty in its area measurement.

I used the No Shock set for noise-modelling as it was the most dip-likely set, and
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chose several traces with long division-free sections. I fitted a simple exponential
y = ae®®, where y is area and z is time to each chosen segment and measured
[y rir — ymal]Q. I then took the square root of the mean of these values to obtain a
standard deviation from the fit for that trace. From this, I added Gaussian noise
to each point in the fits and generated 100 such ‘noise traces’, with a random fit
being chosen each time for noise addition. In these traces I observed that they
had a dip-likelihood of 16%+4%, which is able to explain the dip presence in the

No Shock control traces. The fraction of dips observed is given by

ff=1-0-=H0—=p)=f+p—[p (5.2)

where f is the ‘real” fraction of dips and p is the number of false positives due to

noise. Therefore )
_fT=p
J= 1
- P
which for the No Shock set is 27%+6% and for the Cold Shock set is 59%+8%.

In both cases p is taken as the corresponding control dip count rather than the

(5.3)

noise model prediction.

Phage Traces

On the uncertainty in dip duration, it seems likely given the shape of the recovery
predicted in Chapter 4 that the true durations of the dips would be slightly less
than what is measured. This is because the rate recovery slows down massively
when near the “recovered” state (i.e. V' — V4), leading to a shallow V' curve.
Indeed, when the noise model above is applied to the model data as in figure [5.4},
one can see that the dip that would be measured would differ in length from the

actual length by an amount of time.

In the case of a non-growing cell this difference is reasonably large, in the modelled
case in figure the dip loses 700 of its 1700 data-points and the true length is
about 40% larger than the measured length. However, for a growing cell the data
is skewed upwards as V' increases over time. This will act to end the dip early
by an amount depending on the growth rate and for dips measured out-with the
growth plateau mentioned above this should lead to only a small difference in
measured length. This is not expected to change much between the two data sets
- however as the Cold Shock set were growing slightly slower, it may have larger

underestimation. However, the relationship between dip length and hole-duration
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Noise Effect on Model Dip Detection
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Figure 5.4 Noise added to the output of the model presented in Chapter 4.
The red and blue colours represent data and averaged data as in
the analysis above, and the yellow line is model output. The upper
black line represents Vi and the lower black line represents 0.95V
which is the boundary a dip needs to cross to be measured. One can
see the red line crosses the Vy line before the yellow line reaches it,
which would artificially shorten the trace. However, this trace does
not show cell growth, which would act to significantly steepen the
recovery and reduce the degree of shortening.
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is maintained despite this change in proportionality.

5.2.2 Accounting for the Difference Between Cold Cells and
Warm Cells

It is clear from these results that there is some property of the bacteria that
is temperature dependent that plays an important role in mediating the loss of
volume during infection. Broadly speaking, there are two different routes by
which solutes and water could exit the cell. One, the channel created by the T7
phage could mediate water and solute loss into the capsid space of the phage.
Two, the phage creates a local instability in the membrane through which solutes
may escape. The first appears to lie directly against the osmotic model of DNA
internalisation presented in Section 1.4.2 as this suggests that the flow of water
should initially be in the opposite direction. However, as stated in that section the
osmotic model does not have a large amount of supporting evidence as compared
to the other models - which are themselves somewhat agnostic to the direction

of water flow.

Both of these routes have different potential temperature dependencies, and so
this section seeks to explore the effect of temperature in each case and highlight

areas of future research to characterise this phenomenon.

Lower Temperatures Cause Cold Shock Protein Up-regulation and Slow T7
Internalisation

Generally bacteria will synthesise new biomass approximately four times faster
at 37°C than at 20°C [70]. Between the two data sets presented here those that
have been cold-shocked (about 20°C from 37 °C) were approximately 3 times
less likely to divide during the experiment, indicating that biomass synthesis was
indeed affected. It has been proposed that balanced growth (e.g. exponential)
is observed from 20°C to 49°C, however Herendeen has shown that the lower
bound may actually be closer to 23°C[45]. Cells in the Cold Shock set were not
at room temperature long enough to reach this growth phase (indeed, time on
the bench was less than one generation), and so any physiological difference can
be ascribed to cold shock. Given this, and that the lower bound for exponential

growth may be a few degrees higher than the preparation temperature, it is likely

91



that the bacteria were cold-shocked and may have begun to up-regulate proteins

in response.

Cold-shock in FE. coli is associated with the up-regulation of Cold-Shock
Proteins (CSPs) associated with functions such as translation initiation and DNA
supercoiling [56]. The presence of these proteins could in theory interfere with
the injection process by binding to the phage DNA. Indeed, in Section 4.3 it is
highlighted that the DNA injection process slows down from 60 bp.st at 37°C
to 10 bp.st at 20°C. This would have the effect of increasing the time taken
to internalise the DNA to up to an hour. If volume loss was mediated through
the phage hole (that is, route one above), this would have the effect of greatly
increasing the duration of any dip in the Cold Shock set.

However, this seems somewhat unlikely due to the actual measured durations of
the dips. The shortest ‘hole-open’ time in this scenario is 10 minutes, and from
the model proposed in Chapter 4 the dip duration should be much longer than the
hole-open time. Extending this to an hour pushes this further out of the realm
of possibility. Additionally, this hour-long injection is for cells that are at 20°C.
The bacteria in this thesis were infected after about 5-6 minutes of sitting in a
small volume at 37°C, and indeed showed lysis times consistent with an injection
time similar to the No Shock set. Additionally, if the volume dip corresponds to
infection time the lack of significant difference between dip time and lysis time
between the sets indicates that there was no significant difference in the infection

progress; certainly no difference indicative of the discussed temperature effects.

It is interesting to consider, however, that the growth of a cell leading to a
conclusion of a dip is not necessarily actually the real conclusion of that dip.
With the value above of 40%, the maximum observable duration would be 12.5
minutes, in the Cold Shock set. At first this appears to allow the volume loss
to be DNA-injection-hole mediated, however one must then also pay attention to
the relative time periods between hole closing and dip ending. In the model above
the hole closes after 240 time-points and has a total duration of 1700 time-points.
Therefore in order to have a total duration of 12.5 minutes the hole would have
to close after just under 2 minutes. A 10-minute hole, through the DNA-injection
hole in T7, would close after 18.6 minutes if this relationship holds. There are
experiments recommended in Chapter 7 that would shed some light on the true

end of the dip and how the noise affects detection in reality.

Phage in general have their own ways of closing the hole they have used to trans-
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locate their genomes. T4, for example, is thought to use a trailing copy of gp2
bound to the genome to seal the hole in the membrane after complete genome
internalisation[51]. T7 uses the aforementioned 10 protein helix in gp8. Since
the internalisation process takes about 10 minutes, this ought to be the duration
of permeability if solutes were escaping through the DNA channel. Within a
single set there is at most only a 59% chance of observing a volume dip. This
implies that either there is a distribution of hole durations, and therefore volume
loss is unlikely to be tied to DNA injection; or that there is a distribution in
phage that provoke a loss in volume. There are defective phage particles in every
population of phage which may have a different ability to induce volume dips,
however they are not particularly well-studied and it is not obvious that their
distribution should be dependent on the temperature history of their hosts [36].
Therefore, while they may play a part in the overall visibility of the dips, the
effect they have is not something that can be teased out in this work, and is not

likely to be the cause of the disparities between data sets.

Lower Temperatures Decrease Membrane Fluidity

The second route is that the phage induces some local instability in the bacterial
membrane which is leaky to solutes. Here, the temperature dependence would
be in the membrane’s ability to ‘heal’ this instability such that it is no longer
leaky. This is a passive process that does not depend on the physiology of the
cell, only on the conditions it finds itself in. As the T7 phage injects its DNA
through a protein complex this membrane instability would also not affect the

infection process, and be independent of the complex being sealed by the phage.

From measurements by Nico Tormeda, unpublished, figure |5.5] it can be seen
that a membrane comprised of FE. coli lipids on a mica sheet undergoes a
temperature dependent phase transition from lipid to gel phase. This transition
is quick to begin when the ambient temperature is changed and appears to
begin as a nucleation process but proceeds spinodally over a long period of
time. This s supported by existing reports that the actual bacterial membrane
does undergo partial phase change to a gel phase when the cells are exposed to
lower temperatures [42]. The work by Tormeda shows that the recovery of the
membrane to a liquid phase may not be fast enough to have been complete by

the time phage are introduced.

Proteins in the membrane will act to raise the temperature at which this occurs
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Ezxperimental data gathered by Nicolo Tormena (University of

Figure 5.5
Durham/University of Edinburgh) showing membrane gel phase
fraction as a function of time. The temperature was 40°C att =0

and subsequently lowered to 23°C' at a rate of 1°C per second. The

phase was measured by AFM, which limited the rate of cooling due
This experiment was performed on a

to increased thermal noise.
muscovite P1 supported lipid bilayer of 3:1 POPE-POPG (Avanti
Polar Lipids) diluted in chloroform.

by imposing local order on the lipids. Additionally, the presence of Bayer patches
(Section 1.3.1) may also raise this temperature by the same mechanism, reducing
the freedom of movement of lipids. If one considers the membrane around the
injection site unstable and leaky, it is reasonable to assume that if the lipids are
less mobile the instability will be leaky for longer. However, this is proposed using
data from a lipid bilayer on a mica sheet, the actual physical behaviour may be

quite different. One may also expect this to have an effect on the dynamics of

the osmotic shock response.
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5.3 Concluding Remarks and Future Direction:

Label-Free Infection Measurement

In this chapter an observable reduction of volume in growing FE. coli cells due
to phage infection is reported. The phenomenon appears to have a reasonably
strong dependence on the temperature history of the cell - and likely also on the
measurement temperature. Several potential causes of the volume dips have been

discussed, but more work needs to be done before any can be explicitly ruled out.

Firstly, it is not explicitly known that this effect is due to a single phage infecting
a bacterium, it could be the combined effect of multiple. It is also not explicitly
known if the volume dip corresponds with the exact point of DNA injection
initiation. These things are assumed, but the work has not been done to confirm
them. The usage of labelled phage and nuclei-binding dyes would allow the time-
correspondence of infection, phage number, and volume dip to be uncovered. The
method of observing the volume dip is expected to be agnostic of any label as
the neural network analysis pipeline does not need fluorescent cells. Therefore,
the loss of volume is a label-free marker of phage infection, and so finding the
correlation between time of DNA injection and volume dip and how they interact

with phage number is of a high importance to develop the technique.

The dependence on temperature of this volume loss may also allow, if the
hypothesis of a membrane instability is verified, the exploration of different
bacterial membrane states via directed volume loss. To explore this further,
more experiments at different temperature points and at different times between
cooling and warm-imaging would be highly valuable, with the work provided
by Tormeda giving a curve of time-of-exposure that could be followed. The
model provided in Chapter 4 may be improved by working in the temperature
dependence in some way, allowing the effects of cold shock gel-formation to be

captured mathematically.
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Chapter 6

Modelling the Infection Dynamics
of a Single E. coli Cell by Phage T4

During the second year of my program the labs were closed for an extended period
as the country was put into covid-19-induced lockdown. Faced with an uncertain
number of months at home without access to lab facilities it was decided that it
would be beneficial to have a mathematical model of the phage infection process.
At the time we believed we were working with T4, and so this was the phage
chosen to model. There existed a model written by Weifle et al [I38] and later
improved by Thomas et al [I30] which described the general growth state of an
exponentially growing cell with regards to transcription, translation, and DNA
replication. As these are all vital processes that are inhibited or hijacked by
T4, this model provided a good base for a phage-adapted version. Generally
speaking, with detail to follow, the T4 phage infection (and to a similar extent
the T7 infection) is temporally controlled via transcription and the expression of
self-regulating proteins. Therefore while the source of the dips in Chapters 4 and
5 is unknown, a model that takes protein expression explicitly into account could
be used to predict whether or not the dips are physical (membrane instability) or
biological (cold shock induced biosynthesis slow-down) in origin. Additionally, by
changing certain parameters in the model it is possible to simulate the presence
of different antibiotics, further showing how different conditions affect the phage

infection.

Due to time constraints and the rush back to physical laboratory work post-

lockdown, this model exists only in mathematics. Tables of reactions and
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parameters are provided, though no code is available.

6.1 Background Theory of the T4 Host Takeover

In general for a complete lytic infection the virus must completely overtake
the host’s biomachinery to ensure maximum resource availability for virion
production. The exact processes by which this occurs is generally unique to the
phage, and can comprise some quite complex patterns of DNA transcription and
subsequent protein translation. Compared to other phages, there is an abundance
of information regarding the T4 infection. However, like every phage, there is
much that is still unknown and many genes within the T4 genome have no known
function. While I did not anticipate that the model would be able to ascertain
protein function specifically, it may be able to predict how certain processes of the
infection are affected by different antibiotics, for example. In this way, it may be
used both as a tool to highlight future experiments as there are parameters that
require fitting to experimental data and as a predictor for the change in infection
dynamics to extracellular influences. Before delving into the base model and the
adaptations made, I will provide some information regarding the infection process
of E. coli by T4.

An overview of the steps before the processing of T4 DNA within the cell is found
in Section 1.3.2, in the model I consider those processes to be instantaneous in
time and so only describe the transcription, translation, and DNA replication of
T4 during infection. Similar to T7, T4 engages in three transcriptive periods:
‘early’, ‘middle’, and ‘late’; as seen in figures and [6.2] T here define the
‘early period’ as the time period wherein transcription of genes under the ‘early’
promoters is dominant, and so on for the middle and late periods. T4 differs
from T7 in the methods of temporally switching periods. T4 has a large genome
of approximately 170 kbp encoding about 300 gene products [85]. The early
transcriptive period encodes specific proteins that encourage host RNAP enzymes
to transcribe middle promoters, and so on for middle to late. Compared to the
feedback-loop based temporal switching in T7, wherein an expressed protein will
inhibit its own expression[114], T4 takes a more active route of expressing specific

proteins to inhibit earlier products.
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Rough timeline of the transcriptive periods of T4 against the periods
of phage development. a) phases of phage development. It is less
important that these are exactly correct, and are more of an estimate
based on the literature [{1]. Latent period is defined as the time
between genome translocation (treated as the start of the infection)
and the beginning of the rise period. Rise period is defined as the
time over which an otherwise simultaneously infected population of
cells will lyse (i.e. ome ‘step’ increase in phage numbers - for a
single cell this period is instantaneous). The Eclipse period is the
time between genome translocation and the maturation of the first
phage particle. The Maturation period is defined thus as Latent
minus Eclipse and is the time over which a cohort of virus particles
matures. b) the transcriptive periods in a single cell. FEarly takes
place over the first 1-3 min, middle (and delayed early) from 3-8
min, and late from 8 min on-wards. No middle or early genes are
expressed after approximately 15 min.
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Figure 6.2 The relative abundance of mRNAs associated with Early (blue),
Middle (green), and Late (red) promoters during a T4 infection.
This data was obtained by Luke et al who performed bulk microarray
measurements of F. coli B. For the purposes of the model I do not
consider Delayed Early (grey) to be its own distinct transcriptive
period. Inset displays relative expression of each separate gene, with
blue as 0 and red as 1. Image taken from [78].
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6.1.1 Early Transcription

The early period is the most complex, as the phage needs to quickly engage in
shutting down host processes that may interfere with the infection and begin
switching bacterial expression to phage as quickly as possible. When the DNA is
internalised, there are approximately 20 times the number of host promoters
per DNA molecule as early T4 promoters (quantitatively, 39 phage to 650
host[99][118]) that compete for the RNAP holoenzymes in the exponentially
growing cell. Yet despite this, the transcription of early gene products begins

immediately after infection[47].

Primary in this process is the fact that T4 early promoters contain excellent
matches to the o™-associated RNAP elements. This is directly associated with
a disproportionately higher ‘strength’ of promoter that means binding events
between RNAP and early promoters are much more successful than those between
RNAP and host promoters. T4 early promoters have been described as ‘iiber’
promoters for this strength, and for the fact that they appear to contain other
pieces of information that optimise the interaction further between host RNAP

and the promoter elements [47].

Further to this is a capsid protein called Alt, which enters the cell alongside the
DNA payload. The Alt protein is a mono-ADP-ribosyltransferase, meaning it
catalyses the transfer of the ADP-ribosyl moiety onto the arginine or histidine
residues of a target protein. For context, ADP-ribosylation is a reversible post-
translational process which is usually involvd in key cellular processes such as
DNA repair, cell signalling, and apoptosis. In this case it ADP-ribosylates the
Arg265 residue on one of the two « subunits of RNAP [26]. It also modifies some
host proteins including other RNAP subunits and those involved in translation
and metabolism. The Alt target, a-Arg265, has been demonstrated to be crucial
for host transcription, in the interaction of the C-terminal of host RNAP (a-
CTD) with the ribosomal promoter rrni Bl-associated UP (upstream) element
[112]. This UP element stimulates transcription of ribosomal RNA, however
overexpression of Alt in the absence of phage does not appear to inhibit cell
growth, nor does it appear to impair normal cell transcription. Instead this
modification to host RNAP appears to stimulate particular early promoters

leading to a two-fold enhancement in their activity [140].

Another strategy by which T4 may assert transcriptional dominance in the early
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period is the activity of the Alc protein, which is expressed a little after the
initial burst of early transcription. The purpose of Alc is to direct actively-
transcribing RNAP molecules to frequent terminations, effectively shutting down
host transcription once a sufficient Alc concentration has been reached. It
recognises DNA that contains unmodified cytosine and prevents transcription of
that DNA. Host DNA is unmodified, whereas T4 DNA contains hmCyt - which
is hydroxymethylated cytosine - and so the shutoff of host transcription in this

manner does not affect T4 transcription [59].

A short time after the infection two new ADP-ribosyltransferases are expressed,
modA and modB. Like Alt, modA ADP-ribosylates the a subunits of RNAP,
however targets both subunits rather than just one. The consequence of this is
that the RNAP can no longer recognise the UP element and thus has its activity
reduced significantly. Interestingly, the deletion of modA does not slow the rate
of decline in host transcription, suggesting that this is a secondary function of
modA [26]. ModB targets host translation factors (necessary for initiation of
translation[147]), the 30S subunit of the host ribosome[64], and trigger factor (a
ribosomal chaperone to aid protein folding[48]). This is a relatively comprehensive
inhibition of host translational capability and as such allows T4 to effectively

redirect all ribosomal activity towards its own genome.

6.1.2 Middle Transcription and Early-Middle-Late

Transcriptional Switching

The T4 middle genes primarily comprise proteins for replication, recombination,
and nucleotide metabolism. By the start of the middle period there is little
host activity (both transcription and translation) remaining. The end of the
middle period is the time when phage DNA replication can first begin with the
expression of the sliding clamp protein gp45, which both forms part of the phage
DNA polymerase and enhances transcription by interacting with the T4-encoded

sigma factor gp55[119].

As the infection progresses T4 begins to express RegB, an endoribonuclease which
causes a fast degradation of early mRNAs. Additionally, the host DNA template
is removed from host RNAP enzymes, presenting an effective hard-stop for
host transcriptional activity. T4-encoded nucleases (Endoll and IV) selectively

degrade dC-containing DNA, so that after the first few minutes of infection there
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is essentially no host DNA to transcribe by existing RNAP molecules. Early
transcription is halted by expression of two early gene products, AsiA and MotA.
The former interacts with portions of 0™ in order to inhibit recognition of early
T4 transcripts (inhibiting early transcription), and at the same time stimulates
transcription of middle T4 transcripts. The interaction between AsiA and o™ is
thought to be thedriving force behind the transition between early and middle
transcription. The latter protein, MotA (different from the motA of the host
flagellar motor system), is a DNA-binding transcriptional activtor facilitating

middle promoter recognition and activation.

The switch to late transcription is facilitated through more ADP-ribolsylation of
the RNAP «a subunits and binding of the phage encoded RpbA protein to the
RNAP core allowing late promoters to out-compete middle promoters. Further,
there is a replacement for 07, gp55 - the smallest known sigma factor, that binds
to RNAP to facilitate recognition of late promoters. The efficiency of gp55 is
enhanced significantly by a coactivator protein gp33 CITE.

6.1.3 Late Transcription

T4 late transcription is dedicated to the expression of phage structural proteins
(capsid, tail e.t.c.), several virus assembly factors, and the proteins responsible
for cell lysis. The eight tRNAs that T4 encodes are all found clustered in the
late transcriptome, however early and middle promoters also direct transcription
into the cluster [85]. These tRNAs may be a recent acquisition for the phage,

and enhance expression of some of the lower-abundance late gene products.

6.1.4 Translation

The switch from host to phage translation is swift. Nearly no host proteins are
detectable by 2D gel electrophoresis after 1 minute of infection (that is, there is
virtually no host translation after 1 min from DNA internalisation) [85]. Tt is
reported that T4 modifies the translation apparatus of the cell, and synthesizes
new ribosome-binding proteins; however most of the genes responsible for this

have yet to be properly identified.
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6.1.5 Lysis

Important for the model and vitally important for the phage infection is the
lysis event wherein a cell containing approximately 100-150 T4 phage particles
bursts to release the progeny into the environment. Two proteins are involved
in this process: gpe and gpt. Gpe is the T4 lysozyme, which breaks down the
peptidoglycan later after passing through a hole created by gpt - the T4 holin

protein - in the inner membrane [57].

Rather interestingly, gpt (or T4 lysozyme, or T4L) is not strictly late, as mRNAs
containing the sequence for it are produced in the early period. However these
early expressed gpts appear to form very stable secondary ‘hairpin’ structures
which encompasses both the AGGAGG sequence that the ribosomes recognise
and the AUT start codon. Thus these early transcripts are rendered completely
un-translatable and only the non-hairpin transcripts produced in the late period
are translated. When early transcripts are forcibly translated by unwinding the
hairpin structure, the rate of translation is aproximately 100 times less than that
of the late transcripts and so their presence is somewhat of a mystery. The late
gpt transcripts themselves begin to be produced when phage DNA replication

begins, whereupon two late promoters are activated.

6.2 Modelling the Death of a Growing Bacterium

6.2.1 Foundation Model Reactions and Equations

[ built my model of phage infection upon an existing description of a single F. coli
cell growing exponentially, wherein gene expression and cell growth are coupled
under three broad trade-offs faced by all cells in nature: finite energy, finite
resources, and a finite proteome. The foundation model is able to accurately
report changes in growth rate as a function of extracellular nutrient and the
intracellular protein:mRNA ratio - which has been shown experimentally to be
linearly dependent on the growth rate (see fig la in ). As it is capable of
responding to the presence of certain antibiotics accurately, it presents a measure
of the response of the cell to extracellular perturbation. During the initial
preparation of the model I considered that it was helpful to observe responses

in infection processes to differing nutrient levels to predict environmental effects
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Figure 6.3 Schematic cartoon of the foundational model by Thomas et al.
Nutrient is tmported by transporters and catalysed into energy by
enzymes. Energy is then used in transcription and translation
processes. Fach species is diluted at the growth rate in order to
retrieve steady state results. The DNA cycle allows the description
to be specifically single-cell by tracking mass as a function of cell
divisions which are dependent on the number of replication origins
(red dots) and forks (yellow dots) as in Donachie CITE. Image taken

from [130)].

on phage growth rate.

A schematic of the foundation model is seen in figure 6.3 The model is built on a

set of reactions that govern the import and catalysis of energy and its subsequent

use in the various intracellular processes. I have collected these reactions as seen

in table [6.1] These reactions give rise to a list of first order ordinary differential

equations, through which the growing cell is modeled. It is important to note

that in the case of both models the canonical species name is used also for the

functional variable, i.e. the reaction species m,. will be referred to in the numerical

equations as m,. All numerical equations inherently deal in concentrations of

molecules.

Firstly, the import of nutrients to the cell and their subsequent catalysis to energy

is driven by enzymes. The time-dependent ODE for intracellular nutrient s; is
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ds;
dt

where ¢; and e,, are the numbers of transport and catalysis enzymes respectively.

— Vz'mp(eta S) - Vcat(ema 8) - )‘Si’ (61>

The rates Vjm, and vq, are assumed to have Michaelis-Menten kinetics and thus

follow
VS U Si

Vimp = €t y Veat = Em s
P Kt+3 Km‘i‘Sl

where v; and v, are the maximum rates and K; and K,, are the half maximal

(6.2)

thresholds of s and s;. The amount of intracellular nutrient is diluted by the

growth rate A due to the cell increasing in size as it grows.

The cell energy a is governed by the equation

da

i NsVeat (Em, Si) — Z (Vx(cx, a) — kyrm, + kucz> — Aa, (6.3)

xe{r7t’m’q}

where the sum accounts for energy that is involved in the creation, degradation,
and completion of transcription complexes ¢, (using one a molecule per complex).
The complexes are formed of one ribosome r and one mRNA molecule m,. The

three ODEs governing these are, where x € {r,t,m, q},

dm,
ZZ = wz(a) — (AN + dp)my + ve(ce, a) — kyrmy, + kycy, (6.4)

dr

— =v(er,a) — Ar + Z Ve(Cya) — kprmy + kucx>, (6.5)

dt ze{r,t,m,q}

and

de,
— = kyrmg, — kycy — vi(cy,a) — Aey. (6.6)

The proteome in the modelled cell consists of four species, denoted by the above
set x € {r,t,m, ¢} (as defined above in table[6.1)). The equations for the enzymes

and housekeeping proteins are

de,

= vi(c,a) — Ney, (6.7)
d
% = Un(Cm, a) — Nep, (6.8)
and y
q
U () = g (6:9)
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Transcription and translation are derived from Michaelis-Menten kinetics with

energy as the substrate, where the transcription of new mRNAs follows

WeQ

O (6.10)
and the translation of those mRNAs to proteins follows
Vy(Cy,a) = W(G)cx (6.11)
Ny
with an effective translational elongation rate of
Vmaxa
V(a) = (6.12)

N K, +a

where K, is the half-maximal threshold of a for v(a).

6.2.2 Cell Growth

The Relationship Between DNA Initiation and Cell Division

Before describing explicitly the form of A used in the model, T will provide a
short overview of work by Donachie [28] wherein he presents that there is a
fixed ratio between mass and number of DNA replication origins at time of
division. An observation by Cooper and Helmstetter is that there is a fixed time,
denoted as 7c,p between the initiation of DNA replication and subsequent cell
division (approximately 60 min for E. coli B/r)[20]. This period is longer than
the doubling time of F. coli, and so an exponentially growing cell will naturally

contain multiple replicating strands of DNA.

An exponentially growing cell will divide when its mass has doubled, so one may
say that the mass at replication initiation is a multiple of a fixed mass for each
cell at different growth rates. This relationship is shown graphically in figure |6.4]

The mass at initiation can thus be written as

M for A <1
M;=qnM forl1<X<2 (6.13)

2nm for 2 < A <3

where M is that fixed mass and n € Z is the the number of doublings per 74 p
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‘ Transcription | Degradation ‘ Ribosome Binding Degradation

. ) d. kb
Ribosomes r 0= m, m, ~ () r+m, = ¢, nea—+c r+m.+r
K
w. d, kp 7z
Transporter Enzyme ¢, 0 =5 my my —= () r+mg = ¢ na+c <5 r+m+ e
u
. w dm kp v,
Metabolic Enzyme e,, 0 =2 my, My 5 () T4+ my, k;\ Cm NG + Cry =25 1+ My, + €
u
. w, d ky v,
Growth-Independent Proteins ¢ 0= m, mg = 0 r4mg = ¢ g+ cqg =+ Mg+ q
ku

Table 6.1 Table showing the set of reactions that govern the foundational model
by Thomas et al. mRNAs, m,, are generated from an infinite pool
at their respective transcription rates w,, and spontaneously degrade
at rates d,. Ribosomes bind to free mRNAs to form complezes c; in
reversible reactions (the two proteins may spontaneously unbind) at
rate ky. The complexes will then degrade into ribosomes, free mRNAs,
and the protein product of the mRNA.

Cell mass

0 10 20 30 40 50 60
Min

Figure 6.4 Increase in cell mass of cells at different growth rates (doubling time
indicated at end of each line). The cells are assumed to grow across
one cell-cycle beginning with the end of a division event at 0 min.
Because there is a fized period of 60 min between initiation and
division it is possible to calculate the time at which initiation occurs
for a cell growing at a given rate. These initiation times are marked
as black circles on the horizontal lines. Figure taken from [2§].
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(hr'!). This relationship is shown graphically by Donachie. The constant time
period Toyp is not necessarily greater than the doubling time 7', and so the

number of replication origins per cell will change with the growth rate as

1 forA<1
Ni=42 forl<\<?2 (6.14)
3 for2<A<3

where N; is the number of origins in a cell at initiation. Both N; and M; vary
discontinuously with the growth rate A (hr!), and both change in the same way
such that

M; tant (6.15)
— = consitan .
N; ’

which holds for cells of any size growing at any rate. The consequence relevant
for this model is that, given the rate at which mass increases in an exponentially
growing cell,

dM M

— =M = — 6.16
where T is the doubling time. The mass of the cell at any point in time is given
by

M, = MgeT, (6.17)
and thus the mass at division follows
M;
My = et (6.18)

where ¢t = (C + D) since division occurs after this constant time, at a mass
My = % Hence the log of mass at division varies as
M, C+D

In My = In~"
Ha=iy T

(6.19)

and is thus proportional to % provided the mass at initiation is constant.

Modelling Cellular Growth in the Deterministic Limit
Now with the mass function from Donachie in hand, one turns to the model by

Thomas et al, which comprises a set of coupled Langevin equations that can be

found in [I30]. These equations were built to account for various noise sources in
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growth, and as I take the noise-free deterministic limit the terms I recover are

dX - S
yr vf(X) = AM(X)X, (6.20)
and L i |
= E8 = AX) - aD(0) (6:21)

where X are the mean concentrations of each molecular species, v is the
stoichiometric matrix of parameters for the reaction rate equations f(X). D(t) is
a process that counts the divisions of the cell and M is the mean cell mass. Since
the dynamics of the mean concentrations are independent of mass and divisions,

the concentrations reach a steady state given by
vf(X) = AM(X)X, (6.22)

and the mean cell mass increases as

M(t) = Mye*™", (6.23)

In2

A is the growth rate such that cell divisions occur once every 7 = %=, so the mass

at cell birth can be obtained from the timing of initiation,

AX)re4p
My = 30, (6.24)
which is analogous to Donachie in equation 6.18. Here O. is the critical
concentration of origins that occurs at initiation given by 27 where F is the
number of fork generations. In the original model the division counting process
D(t) is Poissonian, and thus in order for the model to avoid probability and noise
it must be made deterministic as well. If an initiation is always followed by a

division, one might expect the number of initations to be given by

t

1) = H (6.25)

T

and thus the number of divisions by

D) = 1(t = resp) = | =222, (6.26)

such that division has only occurred after a constant period after initiation has

occurred. In this way it does not depend on O, however this dependence could
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be inserted by redefining D(t) to contain the Heaviside function

oF 0 for 28/M > O.
) _ . (6.27)
M 1 for 2F /M < O,

1(0. -
While the exact mechanism of control over cell division remains a somewhat open

question, this model has been used here as the answer for our phage model.

6.2.3 Adapting the Foundation Model for Phage Infection

The phage-adapted model (henceforth phage model) is split into three coarse
boxes: Phage Clock, Phage Structural, and Phage Replisome. These boxes
include what has so far been identified as key information for the progression

of the infection. A schematic of the phage model can be seen in figure [6.5]

Phage Clock

The Phage Clock includes proteins that are responsible for the transcriptional
control of host biosynthesis machinery and for the progression of the infection
cycle through the periods listed in figure [6.1, As such, phage mRNAs are
contained in this block, and it is the largest of the three. I define three vectors
of mRNAs mz, ma;, and myz for early, middle, and late transcription products.
These vectors contain the concentrations of mRNAs specific to those transcription
periods as discussed in Section 6.1. These are proportional to their respective
transcription rates w,, and the concentration of RNAP molecules with affinities
for each period’s promoter. It is not obvious that each rate should be different,
and so in the first instance each phage product is assigned the same constant
rate. Some phage products have their transcription mediated by others, and so

in those cases the specific transcription rate is used.

It was decided to have a species of RNAP for each promoter as T4 uses host core
RNAP and modifies it with various proteins. In principle one may take these
modifications to be creating a ‘new’” RNAP molecule since its promoter affinity
is different to the previous modification. During the early period host RNAP is
mostly unmodified and is still capable of transcribing host DNA, and so is named
Rg. During the middle transcription period MotA and AsiA bind to Rg to form
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Infection begins
at DNA Injection
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Phage DNA (D)
Circularisation and
Replication: p,.,
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Binding
Proteins: P,

Metabolism Preserved

Particle
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Figure 6.5 Cartoon schematic of the phage-adapted model. The metabolism that
catalyses imported nutrients is maintained, but the transcription and
translation processes are altered from host to phage. Transcription
occurs in three distinct periods defined by the expression of proteins
that reconfigure host RNAP molecules to have affinities for the

different promoters as described in the Phage Clock.
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Ryr. The switch to late transcription gp55 will replace 0™ and gp33 will bind to
Ry to form Ry. Another middle gene product gp45 is required for both DNA
replication and late transcription initiation, and so this protein ps5 will regulate

w;.

For all modifications of RNAP it is assumed that it binds irreversibly to DNA
and that the rate is effectively infinite. Thus, if an unmodified RNAP molecule
exists at the same time as a protein that would modify it it will be modified
immediately. This assumption may not hold, in which case a proper binding

reaction can be defined later.

During the early period I define a set of transcripts (mRNAs) as
WTE> = [malc’ mregu Mem, Mend, m’r’ep]7 (628)

where the subscripts are as follows: alc is the Alc protein; em is a combination
(representing both) of MotA and AsiA; rep are the DNA replisome proteins; reg
is the RegB protein; and end are Endoll and EndolV. Synthesis of these proteins
proceeds as in the foundation model following Michaelis-Menten kinetics. Alc
simply has the effect of reducing host transcription w, by an amount proportional
to its number. The em proteins bind to Rg to form R,;. RegB is a negative
influence on the number of all nT>E, including itself. The end proteins will reduce
the host DNA number to effectively zero - host DNA is not explicitly modeled and
so the effect of these proteins in the model will instead be to inhibit w, alongside
Alc.

Switching from the early to middle periods depends on the following reactions for
the production of the em proteins and subsequent binding to Rg. The synthesis
of em follows

kuy Vg
Mem + T Tf Cem — Pem + T+ Mep, (6.29)
b

where the binding of a ribosome to an mRNA molecule to form a complex is

reversible. The formation of Rj; follows
Pem + RE i) RM7 (630)

where the infinite rate denotes that as soon as a p.,, exists, it will bind to an
Rp. The transcription rate w, is unaffected by the number of Rj;, however the
overall rate of production of middle transcripts Mo is as transcription complexes

bys are formed between Rj); and T4 DNA Dry. This formation of transcription
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complexes is the same for all R, and b, where x € {E, M, L} and follows
R, + Dra % by % 7% + Dy + Ry (6.31)
For the middle period I define the following set of transcripts:
Mg = [Mas, Mty Miep), (6.32)

where 45 is gp45, the sliding clamp protein; ml is a combination of gp33 and
gph5, and rep are the proteins required for DNA replication, the synthesis of
which is maintained throughout the early and middle periods. The synthesis of
middle proteins follows the form of equation 6.29 and the switching of middle to

late transcription follows equation 6.30.

The key late gene products are those that are responsible for the structure of
phage and the lysis of the cell. Temporal control is swapped from re-configuration

of RNAP to expression of holin proteins and so I define for the late period
”TL) = [ms, miy, mho]7 (633>

where S denotes structural proteins; ly denotes lysozyme; and ho the holin
proteins. It is assumed that the rate of assembly of new phage is instantaneous
and that the assembly proteins are contained within S. A combination of
lysozyme and holins are required for lysis but the timing is dependant on the
holins as they regulate access to the cell wall. Thus one can express the probability
of lysis occurring as

P(Lysis) o< InH(h), (6.34)

where [y is the normalised amount of lysozyme and H (k) is the Heaviside function

1 ifh>0
H(h) = ) (6.35)
0 ifh<O

Phage Structural

The assembly of new phages takes place during the late phase, and the rate of

maturation determines how many progeny an infection can produce. The number
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of current virions per bacterium is modeled as

Ny, = V)S J (6.36)

Nps

where N, is the number of phage particles and 7, is the number of structural
proteins p, that fit into one phage. The division is within a floor function so that
N,

»n € Z. The burst size of the phage is therefore dependent on how much p, can

be made before lysis.

Phage Replisome

Replication of phage DNA begins in the early period and maintains a steady rate
until the middle period when gp45 is synthesized, at which point the rate increases
dramatically [66]. T4 DNA polymerase elongates at a rate 10 times that of RNAP
and can pass over a currently elongating RNAP molecule without slowing down.
Thus the formation of transcription complexes does not reduce the pool of DNA
molecules. The exact process of DNA replication is difficult to model as there
are 7 replication origins on the genome which activate at different times and
are dependent not only on R-loop[43] formation but also recombination proteins.
Thus a simplified form of replication complex D* and new DNA molecules follows
the reactions

Prep + Dry k;: D* + Dra, (6.37)

where Dry is the concentration of T4 DNA, and
krep
l)>k —_— p’r’ep —|— DT4- (638)
The rate k., must depend on the amount of gp45 present in the cell, such that

k it pus = 0
T bas (6.39)

ko + kas5(pas) if pas >0

where ky is the initial replication rate due only to p, and kqs(pss) is the enhanced

replication rate which is dependent on the amount of gp45 synthesised;
kys = ———), (6.40)

where k is the maximum rate of k45 and Ky is the half-maximal threshold of pys.
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Protein Synthesis Transcription Degradation Ribosome Binding Translation
L. . W, dm ko Ver
E-M Transition Proteins bem — Mem + Ri Mem — 0 T+ My, ‘kﬁ Cem Npg@ + Cem =% T+ Mem + Dem
ReeB Proteins b wp, R dm 0 . N . Vreg,
eg. roteins Dreg —> Myeg + R Myeg — T+ Mypeg Y Creg Npg@ + Creg — T+ Myeg + Preg
. w, dm, Ky Vend,
Endolysins Dend —> Mena + Re Mend —= ) T+ Mend = Cend | MpgQ + Cend — T + Mend + Pend
wp, I ko Va5,
Gp4b bys — mys + Ry My = 0 7+ mys k;\ Ca5 Npg@ + Cy5 2B+ Mgy + Pas
s . wp dm ky Vm
M-L Transition Proteins Dot —2 My + Rar Myt~ 0 7+ My L# Cml NpgQ + Crn R (T
u
R w dm ‘ vs
Structural Proteins bs — mg + Ry, mg % () r+mgs = cg Npg@ + Cg s r +mg + ps
u
R w, dy °h v
Holins by —2 my, + Ry, my = () 7+ my, k# cn Npg@ + Ch = 7+ My, + pr,
Lvs wp dmy ) Ky Viy,
ysozyme by, = myy + Ry, my, = T+ my, - Cly Npg@ + Cly — T 4 My + pry
L . wp, dm kb Vrep
DNA Replication Proteins brep S Myep + RE 1 Myep — 0 T Myep rkt\ Crep Npg@ + Crep I+ Myep + Prep

Transcriptional Control

RNAP Reformation

RNAP Binding

Early Period

Rp

I
Rg + Dy ;Ak' bem + Dra
C—t

Er
Rg + Dy kv‘f;‘ breg + Dry
=

B
Pg + Dry T‘l bend + Dy
¢

Middle Period R+ Pem 2225 Ry Ry + Dry {é byt + Dy

Fr
Ry + Dry 7:‘ bas + Dry
vt

Late Period Ry + pou LNy Ry, + Dry 2 by, + D1y
k_t

Ry + DT4 ‘é bs + Dry
Ut

Fe
Ry + Dy f by + Dry
bt

%
Pg s+ Dry T; Trep + Dra
K-t

DNA Replisome DNA Binding

Fr .
Drep + D1y k\:‘ D* + Dpy

Replication

krep,
D* == prep + Dr4

Table 6.2 Table showing set of reactions used in the phage-adapted model. The
expression of each transcriptive period-specific protein depends on
which conformation of RNAP is present in the cell at any given time.

6.2.4 Complete List of Reactions, Equations, and
Parameters in the Phage Model

I have condensed the reactions into table [6.2] and list the resulting ODEs below
with z € {E, M, L} to denote early, middle, and late respectively. The table of
reactions in the phage model is similar to that of the foundation model, however
new columns need to be added for RNAP reconfiguration, binding, and DNA

replication. A table of parameters included in the phage model can be seen in

table [6.3]

Derived from the reactions are a set of coupled ODEs. Beginning with the mRNAs
m
dmy
dt

where my, = [nTZ,annm_zﬂ and similarly for by and cy. That is, mRNAs are

= wy(a)bx — (A + di,) + vx(Cx, a) — kprmy + kyCx, (6.41)

produced from transcription completing, translation completing, and translation

complexes unbinding (terms one, three, and five) and removed by growth and
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degradation, and translation complex formation (terms two and four).

The transcription complexes that are formed by RNAP molecules binding to DNA
follow

dby

T kiRyDry — k_tbyx —wpby — Aby, (6.42)
where k; and k_; are the rates of binding and unbinding of R, to Dp4. Tran-
scriptional complexes are generated from binding and removed by spontaneous

unbinding, complete transcription, and dilution by growth.

RNAP reconfiguration by binding with the temporal switching proteins is

expressed as

dR.
dt

— —
= _kemRepem - ktDTZLRe + k—t be Dry + Wp be - )\Rea (643)

for RNAP with early-affinity;

dR,, —r —r
th = kemRepem - kmlRmpml — kiDraRy + k_tbyn Dy + wpbm - ARm? (644>

for RNAP with middle-affinity; and

dR;

— —
E - kmlRmpml - ktDT4Rl + k—tbx + pr:t DT4 - /\Rl, (645>

for RNAP with late-affinity.

The transition proteins em and ml are produced in accordance with

d em
P = _kemRe + VemCem — )\pem (646>
dt
and p
Z’thl - _kmlRm + UmiCmi — )‘pmla (647>
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and the rest of the proteins are simply translated and diluted as

dpre
dt ! = VregCreg — )‘prega
d en
Pend = VendCend — Apenda
dt
dps
—— = UsCs — Aps,
dt (6.48)
b _ vic; — Ap,
dt 1l 1y
and
d
o = UnCh — ADh
dt

The replication of T4 DNA follows the ODE

dt

= _kdprepDTAl -+ k,dD* —+ krepD*N%4 — )\DT4, (649)

where the rates k; and k_4 are the rates of binding and unbinding of p,., to
Dy respectively and the rate k., is the rate of production of Dy, from a single
replication complex D*. The constant N4 is the length of the T4 genome. The

replication proteins p,., thus follow

d re * *
% = _kdprepDT4 + k—dD + krepD NT4 + VrepCrep — Aprepv (650)
and the replication complexes D* follow

dD*
dt

= kdprepDT4 - krepD*NT4 — AD™. (651)

The phage model differs from the foundational model equations in that DNA is
modeled as an explicit species, and so transcription and replication have their
own complexes. The rates of transcription must therefore be updated for the

phage model. The expression for the rate of transcription w, is thus

b, wya
N, 0,+a’

wy(by,a) = (6.52)
where N, is the average length of a T4 gene; and the expression for the DNA

replication rate k., is

Dr krmaza

breo(D"0) = o

(6.53)
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‘ Variable ‘ Definition Proposed Value ‘ Units

We Max. Early Elongation Rate 100 bp s ! 185
Wy, Max. Middle Elongation Rate 100 bp s~ 185
wy Max. Late Elongation Rate 100 bp s+ 185
Eyrmaz Max. DNA Elongation Rate 1000 bp s7! 183]
k1 T, Binding Rate 1 molec 'min~t |

k_1y T, Unbinding Rate molec 'min~! | «

kom P,, Binding Rate 1 molec 'min~! |

ki P, Binding Rate 1 molec™'min~ T

k1q D* Binding Rate 1 molec 'min~! |

k_1q D* Unbinding Rate molec 'min~! | %

0. Early Half-Maximal Threshold molec *

0,, Middle Half-Maximal Threshold molec *

0, Late Half-Maximal Threshold molec *

K, Replication Half-Maximal Threshold molec *

Ny Length of T4 Genome 170,000 bp 5)
N, Av. Length of T4 Genes 566 bp *

| Host Transcription Decay Rate molec min~? *

Lreg Early Transcription Decay Rate molec min~—* *

b, Initial Host RNAP Number 5000 molecs

Table 6.3 Tauble of definitions and proposed values for each rate variable. T based
off the 2015 model. * a rough calculation based on the number of genes
and the length of the genome. The three transcription elongation
rates are not suggested to be numerically different, however the exact
nature is not known and so three wvariables are kept. The half-
mazimal thresholds however will likely be different and only knowable
through parameter sampling. x will be determined through parameter
sampling.

where ke, is the maximum rate of replication and K, is a half-maximal
threshold.

6.3 Discussion and Concluding Remarks

This model was produced during a time of total lab closure, and represents an
effort to understand the functional dependencies that underpin the physiology of
a T4-infected FE. coli. It pays particular attention to the temporal control process
of switching between transcriptive periods, and accounts for a singular host that
is growing exponentially at time of infection. There exists no code for this model
as the labs re-opened as the mathematics were finalised. It would not have been

written without the pandemic.

As discussed at the beginning of the chapter, this model provides a basis for
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predicting the effects of changes in the transcription and biosynthesis rates. In
this way it could be used to show the expected effects of different antibiotics
(potentially useful for combined therapy), environment conditions (nutrient
density, temperature), and potentially even some bacterial immune systems that
attack certain phage components. Extending the model to other phages and
bacteria may be quite time-consuming, however with the baseline presented here

may not be too complex to be done.

In conclusion, this model has the potential to be highly informative, but has
limited immediate use as it has no code nor numerical results as a result of the
constraints put on the work at the time. In order to fully realise the model,
several experiments should be carried out. Namely, the transcriptive periods
should be assessed via a similar experiment to Luke et al [78]. Additionally
studies of protein expression and overall DNA content can be performed or data
from existing studies collated. The model should be tightly fitted to experimental
data, and those parameters that cannot be recovered from experiments can be
parametrically fitted. There is also the distinct possibility that parts of the model
can be trimmed down to form so-called ‘toy-models’, which focus particularly on
one or two functional dependencies to inform experiments. These are much faster
to design and write, and the mathematics presented here is detailed enough to

form the basis of several different such models.
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Chapter 7

Conclusions and Future Work

To sum up the main findings of this thesis I present a collection of conclusions in
the order that their relevant chapters appear. To the extent of understanding the
phenomenon of an apparent loss of volume of E. coli cells following infection
by T7 phage a method for the measurement of single cell volume has been
developed. The protocol makes use of a machine-learning analysis pipeline
DeLLTA2, developed by Dunlop et al to quickly and efficiently characterise the
area of cells adsorbed to a glass cover slip, which is a proxy for cell volume.
As DeLLTA2 does not necessarily require fluorescent or otherwise marked cells or
phage, this is a promising first look into a potential label-free method of observing

phage infection at the single-cell level.

The developed protocol yielded measurements of the volume dips. On average
infected cells lost 6.6%=+0.02% of their volume when infected by T7 phage, and
took on average 5.6£0.6 minutes to recover this lost volume. Over all cells and
adjusting for noise there was approximately a 43%=45% chance to observe a
dip in any given cell. It was found that these dips have a dependence on the
temperature history of the bacteria, and those that had been loaded into the
measurement chambers at room temperature were approximately 1.6 times more
likely to display a dip than those loaded at 37°C. Additionally, these colder cells

had approximately double the time-to-recover of their warmer counterparts.

Supporting the experimental data is a model that has been adapted from a
hypoosmotic shock model that modeled the solute and volume loss in the case of
a solute-permeable hole being opened in a cell membrane. The model predicts

that the time-to-recover of the cell volume must be longer than the hole-open
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duration of the hole. It also predicts that there should be a loss of volume in all
cases of infection, if the assumption that the hole mediating solute loss is formed
at time of infection is true. Therefore the implication is that if one increases the
resolution of one’s measurements, more dips should be observed. In the case of
a non-solute-permeable hole opening, the volume of the cell is not predicted to

change.

The mechanism by which temperature affects the cells in this way is not known.
Presented in Chapter 5 is a discussion of various hypothesis, of which the most
likely appears to be a physical effect wherein the membrane undergoes a partial
phase-transition from liquid to gel at the colder temperature. This transition
would have the effect of reducing the speed at which the lipid membrane can
reorganise around the infection site, thereby increasing the duration of the hole

and therefore the magnitude of the dip.

Additionally, a model of the T4 infection of a single E. coli cell has been
mathematically formulated. This model pays specific attention to the temporal
control of the infection, wherein T4 switches between three distinct transcriptive
periods in a process mediated by T4-encoded gene products. This model has
the potential to be highly informative of the effect of changes in the biosynthesis
rates in the bacterium on the overall infection process and efficacy. Thus, the
model could at its most complete provide valuable insights into the interaction
between different antibiotics, environmental conditions, and cell conditions and
the overall phage infection. In addition several toy models can be created from the
mathematics presented, which could be used to further understanding of certain

functional dependencies within the wider context.

7.1 Future Work

A clear avenue of future work is to use labelled phage or phage DNA to determine
whether or not the losses in volume do truly correspond to the point of DNA
entry to the cell. Additionally, these experiments can be repeated in different
environmental conditions and with different antibiotics present. These would
have the effect of changing certain known aspects of bacterial physiology, and
therefore provide a more complete understanding of the origin of the volume
dips, which here remains an open question. Additionally, if the variation in

measurement of dips is due to membrane properties, being able to perform AFM
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around an infection site would provide valuable insights into the stochasticity of

the process.

Further to this, optimization of the baseline protocol developed in this thesis
is required for future experiments to yield good information. Primarily, the
segmentation error in the analysis should be minimized as much as possible
with the tool used being switched away from DeLTA2 if necessary. Another
large issue with the protocol is its low-throughput nature. Cell adhesion should
be investigated for improvement to increase the number of analysable cells per
FOV and different stabilisation methods should be used for the microscope. A
perfect focus system would allow the stage to be stabilised in Z for good area
measurements while being free in X and Y so that multiple FOVs can be taken
from one slide. This would drastically reduce the required number of experiments

per condition and enable many more conditions to be examined.

Once the dips in T7 are more understood, it would then be sensible to move
to other phage. Each phage has different injection dynamics, and so while the
dip may be more of a physical process than a biological one, this may change
the visibility. If the technique can be refined for more than one phage such that
a dip is observable in the majority of cases, it presents an exciting label-free
time-precise marker of phage infection of a single cell. In order to support future
developments, the full set of raw data can be provided on request, along with the

various python scripts used to visualise it.

The model presented in Chapter 6 should in the first instance be evaluated for
worth as a trimmed down toy model. Bringing the entire thing into computational
functionality is a large undertaking, however as highlighted could be quite
valuable. Experimental data should be collected so that the model can be

parametrically fitted, and care taken to avoid local minima.

The videos used to produce the results presented in Chapter 5 can be found
on Edinburgh Datashare in the Biophysics collection under the author’s name.
Any enquiries for clarification around said data can be directed to the author
at hockingj4 at gmail.com, or to the principle supervisor Dr Aidan Brown at

aidan.brown at ed.ac.uk.
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Appendix A

Mathematical Description of
Edge-Detection Methods Trialed in
Chapter 3

Initially I picked three of the standard edge detection protocols that MatLab’s
Image Analysis Toolbox function ‘edge’ recognises: Sobel, Prewitt, and Canny.
At the time I was not aware that Canny is essentially an extended methodology
that uses the Sobel algorithm, merely that it was computationally more expensive.
As such, I will describe these techniques in the above order despite settling for
Canny detection. MatLab’s default edge function is Sobel, and so that was my
starting point. The Sobel, or Sobel-Feldman, Operator is an isotropic 3 x 3 image
gradient operator initially presented in 1968 by authors Irwin Sobel and Gary
Feldman[I21]. It estimates the gradient of an image at a point by the vector sum
of the four possible central gradient estimates in a 3 x 3 neighbourhood. For a 3 x
3 neighbourhood each simple gradient estimate is a sum of two orthogonal vectors.
They are both directional derivative estimations multiplied by a unit vector
specifying the derivative’s direction. The sum of these four simple estimations
multiplied by a unit vector specifying the derivative’s direction. The sum of these
four simple estimates is a vector sum of the 8 directional derivative vectors. For

a point on a Cartesian grid e and its eight neighbours
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a b c
p=|d e f|, (A1)
g h 1

the magnitude of the directional derivative estimate g for a given neighbour is

9] = < value dif ference > . (A.2)

distance to netghbour

The direction of g will be the unit vector to the appropriate neighbour. The
neighbours group into antipodal pairs: (a, i), (b, h), (¢, g), and (f, g). Summing
the estimates within each pair causes all the central ‘e’ values to cancel (as it is

in the centre) leaving the following for the gradient estimate,

O+ 0 o+ D0, (ag)

which simplifies to

(c=g—a+i) (f=d) c=gta=i) (-}

G = 1 9 1 9

(A4)

In order to get the average gradient, one would normally divide the result by four.
However, Sobel instead multiplies by four in order to ‘preserve low order bits’ as
operations are often done in fixed point on small integers and divisions will lose
these bits to rounding. The fourfold multiplication represents a double shift to
the left, and leaves us with an estimate that is 16 times the average gradient.

One can represent G/ = 4G as weighting functions for x and y components

~1 0 1 1 2 1
G,=1-2 0 2 G,=10 0 o], (A.5)
10 1 1 -2 -1

which are referred to as the Sobel kernels. The edge finding operation convolves
these kernels with the sample image in a sliding window convolution (figure,
explain?) to produce a mask which is highly non-zero in areas where there is
high amplitude change in pixel values (i.e. an edge) in the direction aligned with
the gradient of each G, and G, (i.e. G, will highlight edges in the horizontal
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direction).

Prewitt follows a similar vein, instead using kernels

~1 0 1 1 1 1
Ge=1|-1 0 1 G,=10 0 o0]. (A.6)
10 1 1 -1 -1

Convolution of an image with both the Sobel and Prewitt kernels is essentially
the matrix equivalent of taking their first derivative. In principle Prewitt is the
simplest example, where Sobel is the summation of the Prewitt kernel with a

simple matrix where

0 0 0 1 0
G,=|-1 0 G,=10 0 of. (A7)
0 0 0 -1 0

In this way the diagonal edges are given a lower weight than the edges that lie

along the cardinal directions.

Using only kernel convolution to find edges is generally considered to be quite
unsophisticated due to the handling of noise. It does find all edges, weak or
strong, in an image, and where there is zero or near-zero noise this is adequate.
However I found that a simple convolution was not able to properly highlight
cells within my ROIls due to noise in the image(figure). In order to resolve
this, I turned to the third option: Canny. The Canny algorithm functions by
finding edges by gradient operator and then selecting only the strong edge in a
thresholding process. In two dimensions the Canny method is a five-step process

to define real, strong, edges in the image:

Canny Edge Detection

1. Smooth image by convolution with Gaussian matrix.

2. Apply Sobel-Feldman detection to smoothed image to find intensity gradi-

ents.
3. Remove spurious gradients by thresholding.

4. Apply a double threshold to locate weak and strong edges.
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5. Track found edges with hysteresis. Suppress weak edges that are not

connected to strong edges.

The first step comprises a sliding window convolution of the image with a

Gaussian matrix e.g.

1 4 6 4 1]

|4 1624 16 4
G=—— A.
575 |6 24 36 24 6, (A.8)

4 16 24 16 4

1 4 6 4 1

to blur the image. Blurring the image reduces the prominence of all edges in the
image, highlighting the stronger edges, while reducing noise in the image. Any
dimension of Gaussian kernel can be used, the larger it is the less sensitive the
detector will be to noise, however the localization error in detecting edges will
increase slightly with the dimension size of the kernel. For this reason a 5x5
matrix is generally the largest that one typically uses. The following step applies
the operators in (2.5) to the image to generate the absolute gradient magnitudes
in the x- and y-directions for each pixel. The edge strength is then given by the
simple formula

|G| = |Ga| +[Gyl. (A.9)
In addition to the edge strength the edge direction is required. It is given trivially
by .

0 =tan™" (Gi) : (A.10)

and rounded to one of four angles: 0° for horizontal, 90° for vertical, and 45° and
135° for the two diagonals. The reasoning behind this quantization is clear if one

considers a pixel a:

(A.11)

8 8 8 8 8
8 8 8 8 8
8 8 & 8 8
8 8 8 8 8
8 8 8 8 8

one can see that there are only those four directions that an edge can exist along
for that pixel. As an example, any edge direction equal to 22° would be set to
0° for the description of edges. Once the direction and magnitude are known,

the algorithm moves to the fourth step with the process of strong edge selection.
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First, a gradient magnitude thresholding method is applied to thin the edges out,
then a pair of thresholds are applied to the thinned mask to filter out edges that
are weak and unconnected. For each pixel in the gradient mask the edge strength
of that pixel is compared to that of the pixels in the positive and negative gradient
directions. If the current pixel has a higher edge strength than other pixels in the
mask with the same direction the value is preserved, otherwise it is suppressed.
L.e. a pixel with a vertical gradient across it will be compared in strength to
the pixels above and below it, if it is the strongest of those in the comparison
then its value is preserved, if not it is suppressed. After the edge mask has been
thinned one is left with a relatively accurate representation of edges within an
image. However some spurious edges remain due to noise and colour variation.
Thus a low threshold and high threshold are applied to the edge mask. If a pixel
gradient magnitude is higher than the high threshold it is a strong edge pixel,
and if the value is in between the two thresholds it is marked as a weak edge
pixel. Pixel values below the low threshold are suppressed. The fifth and final
step to the process is to track edges by hysteresis. This is necessary as, while one
knows that the strong edges ought to be included in the edge mask, one needs to
be able to decide which weak edges to include. An 8-connectivity blob analysis is
applied, wherein subsets of connected components in a neighbourhood of 8 pixels
are labelled as belonging to each other, and weak edges that are not connected

to one or more strong edge pixels are suppressed.
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